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Foreword 


Radar was originally developed as a system for detecting objects and determining 
their positions by means of echo-location, and this remains the principal function of 
modern radar systems. However, radar systems have evolved over more than seven 
decades to perform a variety of very complex functions; one such function is imag- 
ing. Radar-based imaging is a technology that has been developed mainly within the 
engineering community. There are good reasons for this: some of the critical chal- 
lenges are (1) transmitting microwave energy at high power, (2) detecting microwave 
energy and (3) interpreting and extracting information from the received signals. The 
first two problems have to do with the development of appropriate hardware; how- 
ever, these problems have now largely been solved, although there is ongoing work 
to make the hardware smaller and lighter. The third problem is essentially a set of 
mathematical challenges, and this is the area where most of the current effort is taking 
place. Existing imaging methods rely on very specific simplifying assumptions about 
radar scattering phenomenology and data collection scenarios: 


(i) They assume that the target or scene behaves as a rigid body. This assumption 
is obviously inadequate for scenes that include multiple moving objects. 

(ii) They also assume a linear relationship between the data and scene. In many 
situations, this is also inadequate. ! 


Nowadays, target classification and imaging are used in a variety of defence and 
civil applications; for example, in Medicine Tomography, development of automati- 
sation in industry transport, self-driving transport vehicles in air and space and other 
domains. Radar imaging often responds to the need to see, sense and identify what is 
around the sensing machine. Also, it is a means for artificial intelligence applications 
where it is crucial to estimate the shape of a target even in a dynamic and complex 
environment. A pivotal technique for radar imaging is based on synthetic aperture 
radar (SAR). This technique has made radar imaging applicable to remote sensing 
from air and space and it represents today one of the most important technologies 
for Earth observation, including civil and military applications. Signal and image 
processing associated with SAR has evolved greatly in the last few decades and has 
been making use of classical and new mathematical tools, including Fourier analysis, 
statistical inference, array processing and the more recent compressive sensing (CS) 
to mention a few. 

Classic radar configurations have a single channel. This is a good compromise in 
terms of benefits and costs. Single channel radar can achieve good performance and 
perform a large variety of tasks, from detection to tracking and imaging. Nevertheless, 
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it shows its limitations when it comes to pushing the performances and improving 
target imaging and classification. NATO SET-196, a Research Task Group (RTG) that 
was active within the Sensor and ElectronicsTechnology (SET) Panel, carried out a 
thorough gap analysis of imaging systems, especially when performed with single 
channel radar. Such an analysis clearly identified the limits associated with such type 
of radar systems. SET-196 took off then to exploring systems and algorithms that were 
based on multi-channel and multi-static types of radar systems, with specific attention 
to their ability to outperform single channel radar in terms of imaging capabilities and 
performances. Results from that work were impressive as they were also supported by 
extensive trials executed both in the Netherlands and in Italy, with the participation of 
more than ten multi-channel and multi-static radar systems. The research within the 
NATO framework is continuing along these lines with a follow-on RTG, namely SET- 
250 on multidimensional radar imaging. SET-250 extended the vision of SET-196 
by including additional dimensions, such as multi-frequency and multi-polarisation 
(full-pol radar systems). Most of the results achieved within SET-196 and SET-250 
are now contained in this book, which is offered to open literature. 

The results contained in this book are very important to the NATO. Radar tech- 
nology is a long-term effort within the NATO Science and Technology Organisation 
(STO) and radar imaging is included as a specific case. Imaging is a critical function 
for command and control (C2) systems where there is the need to visually interpret 
what various types of sensors acquire. A commander in charge of a C2 system must 
have a timely and clear view of the dynamical changes of a scenario and imaging 
systems are dedicated to supporting domain awareness in all its various declinations: 
maritime, land, air and space. 

We can track numerous STO SET Panel activities that have investigated the 
problem of imaging and its applications, not only by means of radar. A non-exhaustive 
list is as follows: 


— Sub-terahertz radar imaging; 

— vKHS Optronic 3D Imaging Systems; 

— Computational imaging and compressive sensing for EO/IR systems; 

— Compressive sensing applications for radar, ESM and EO/IR imaging; 

— Quantum structures for non-cryogenic infrared imaging; 

— Military applications of millimetre wave imaging; 

— High-performance passive/active radiometric millimetre-wave imaging using 
thinned arrays; 

— Adaptive Optics for laser beam delivery and passive and active imaging and 
turbulence mitigation; and 

— Computational imaging. 


I would strongly encourage researchers from academia, industry and government 
institutions to read this book as it presents the leading state-of-the-art of radar imaging, 
with a strong focus on multi-dimensionality. For those who seek knowledge in and 
answers to multidimensional radar imaging and its benefits (and costs) with respect 
to classical imaging would find a great deal in this book. 

Dr. Pavel Zuna 
NATO Collaborative Support Office (CSO) Director 


Chapter 1 
Introduction 
Marco Martorella! and David Greig? 


The year 2015 saw the 50th anniversary of the famous paper by Gordon E. Moore, 
which led to the now often-quoted Moore’s law. The last word of that paper was 
‘Radar’, which predicted that modern computer (and by inference signal processing) 
technology would revolutionise the world of radar. When that paper was written, the 
abundance of coherent RF emissions was relatively rare. Now in the twenty-first cen- 
tury, we find ourselves surrounded (and penetrated) by wideband coherent energy 
from a broad range of sources. The combination of these multiple sources is highly 
challenging but has the potential to revolutionise the capabilities and technologies 
of this planet from individual environmental awareness, through the automotive and 
autonomous transport industry, to high-end intelligence and military awareness. Radar 
was originally invented as a detection system. However, modern operations increas- 
ingly require that the system can also identify the detected object. Imaging an object 
is the basis of most identification methods and, for this reason, radar imaging systems 
have increasingly been improved and extended. More specifically, the inclusion of 
additional dimensions into the image can improve the identification system in terms 
of accuracy and robustness and, in some cases, enable target recognition where it was 
not possible with standard imaging systems. The purpose of this book is to frame the 
current state-of-the-art in the subject of multidimensional RF signal processing with 
specific application to radar imaging. Most of the findings enclosed in the following 
chapters are the result of a NATO Research Task Group (RTG), namely the NATO 
SET-196 on Multichannel and Multistatic Radar Imaging of Non-Cooperative Targets. 


1.1 Background 


In many scenarios, one of the most challenging tasks is target classification as impor- 
tant decisions are often based on such knowledge. Radar is a sensor that can provide 
this capability in all-weather and day/night conditions. With reference to Figure 1.1, 
it can be seen that the classification process is a black box with radar data as input and 
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a classified target as output. A classification process can be accomplished either by 
a human operator or a machine or both. In any case, such a problem is very complex 
as radar data is not easily interpretable in its raw format. 

One way to overcome the problem of radar data interpretability/presentation is 
through the formation of radar images. Radar images are much more easily inter- 
pretable than raw data as they present a map of a target in a similar way as an optical 
image does. This aspect makes the classification process more intuitive either in the 
case of a direct use of the image by an operator or in the case of supervised automatic 
target classification. In any case, the image formation process is, in most cases, a 
lossless transformation that does not limit the effectiveness of any subsequent classi- 
fier. The reader may refer to Figure 1.2, where radar data is first transformed into a 
radar image and then processed by a classifier. 

In recent decades, many radar imaging systems have been designed, which are 
capable of producing images of targets and, as a result, image-based classifiers have 
been developed. Nevertheless, the overall process is still not able to produce satisfac- 
tory outcomes. The main reason behind that is that the system performance is target- 
driven and therefore not fully under the operator’s control. To give an example of the 
target-dependence, a sequence of radar images of a non-cooperative target is shown in 
Figure 1.3. In this specific example, the radar is fixed (ground-based) and the target’s 
motion is the only component that produces a radar synthetic aperture and therefore 
a radar image. The target’s image changes dramatically from one frame to another 
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Figure 1.1 Pictorial view of a classification system based on radar data 
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Figure 1.2 Pictorial view of a classification system based on radar images 
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within a time span of a few seconds highlighting its variability due to the target’s 
dynamics. All the image resolution, target-to-sensor aspect and the image projection 
plane are in this case determined by the motion of the target, which makes the imaging 
system performance unpredictable. The system that produced the images in Figure 1.3 
is a monostatic single channel and single sensor radar imaging system. Although this 
is the simplest and most economical case, it suffers from a number of limitations: 


e The radar image projection plane is not entirely controlled by the radar operator as 
it depends on the target’s dynamics. This makes the image interpretation hard as a 
three-dimensional (3D) object is projected onto an unknown plane. This is because 
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Figure 1.3 Sequence of ISAR images data from MECORT Radar 
(CSIR, South Africa) 
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the 2D projection of a 3D object cannot produce features that are invariant under, 
for example, transformations of aspect angle or image projection plane. Aspect 
angle and image projection plane are therefore additional degrees of freedom in 
classification and lead to the requirement for massive (and impractical) databases. 

e Inthe general case, it is not possible to access the full target motion with a single 
sensor. This leads to the necessity of assumptions on the target motion, which is 
limited to short observation times. This in return limits the achievable resolution. 

e The radar-target dynamics may be unfavourable when it comes to producing an 
effective synthetic aperture. A simple but effective example is a target (e.g. a 
missile) that is pointing directly at the radar. In this case, there would not be 
any synthetic aperture formed and therefore the resultant radar image would only 
produce a 1D profile (not a 2D image). 

e Self-occlusion: A target viewed from an angle may mask part of target itself, 
therefore hiding important information that may be used for classification 
purposes. 

e Single-perspective: Even a good radar image taken from a given view angle may 
present limited information about the target, which may be enriched if the same 
target was viewed from other angles. 

e Low-observable targets: These can be made more covert to conventional radars. 

e Jamming: Monostatic/single sensor radar imaging systems are vulnerable to 
jamming as they may be easily discovered. 

e Resilience: Single-sensor radars are in general not very resilient as a system 
failure would result in capability loss. 


All these shortcomings can be mitigated by the introduction of multistatic and 
multichannel radar-sensing techniques. 


1.2 Multidimensional radar 


Radar information is rich enough to allow for images to be formed. The way radar 
images are formed may vary depending on the sensor characteristics and the signal 
processing used. One of the most effective ways of producing radar images is through 
synthetic aperture. This technique allows for high-resolution images to be formed with 
relatively small antennas and ‘independently’ of range. Nowadays, high-resolution 
radar images (below 1x1 m) are regularly produced from space by an increasing 
number of systems. Nevertheless, as pointed out in the previous section, limitations 
occur that cannot be overcome with radar imaging systems in their simplest form. 
A radar operating with a single frequency, a single antenna, a single polarisation 
and as a single node produces what we can see as a limited ‘vision’ of the world. 
From an information content point of view, we may argue that, by increasing the 
number of antennas (spatial channels), frequencies, polarisations and by increasing 
the number of nodes, therefore creating a radar network (or multistatic radar system), 
we may enrich the information content and therefore produce much more effective 
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radar images and overcome limitations that are set by single channel, single frequency, 
single polarisation and node radars. 

We would like to introduce the concept of multidimensional radar system as a 
radar that has either multiple spatial channels (antennas) or multiple frequencies (dual- 
or multi-frequency radar) or multiple polarisation (polarimetric radar) or multiple 
nodes (radar network or multistatic radar) or a combination of those. Conversely, a 
radar that offers no such a diversity may be addressed as a monodimensional radar. 

Multidimensionality brings in more information as a target is interrogated with 
different sets of stimuli and it may respond differently to such stimuli, therefore reveal- 
ing some aspects that were not appearing using a different stimulus. On the other end, 
though, multidimensionality comes at a cost as it requires a higher system complexity. 
Therefore, the seemingly obvious conclusion that all radar should be multidimensional 
finds its cost as a trade-off. For this reason, multidimensionality must be considered 
an option and its cost/benefit should be analysed carefully before an efficient and even 
optimal radar system is designed. The goal of a recent NATO RTG, namely SET-196 
RTG, was to investigate benefits coming from the use of multichannel and multistatic 
radar imaging systems and many aspects were studied, starting from modelling and 
algorithms, through to system feasibility, trials and data analysis and finishing with 
some recommendations regarding the design and use of such systems. An even more 
recent NATO RTG, namely SET-250 RTG, has been looking at a broader spectrum, 
including multi-frequency and multi-polarisation, which increases the degrees of free- 
dom with which we can play around to design an effective radar imaging system. At 
this stage, a natural question arises that should be somehow answered: ‘In a budget- 
constrained scenario, how should a radar be designed in terms of number of spatial 
channels, frequencies, polarisations and nodes?’. The answer is not straightforward 
as it strongly depends on the specific radar application(s) and can only come from a 
thorough modelling and performance analysis. In the following subsections, we will 
singularly analyse each of the above-mentioned degrees of freedom. 


1.2.1 Multistatic radar imaging systems 


Imaging of targets from multiple directions produces multiple views of the target, 
which can be either fused to form richer images or directly fed to an ATR system 
for target classification/recognition/identification. NATO SET-163 RTG proved in 
operational conditions that multi-perspective synthetic aperture radar (SAR) images 
obtained from multiple angles produce better ATR performances than having a single- 
perspective SAR image. In the more specific case of inverse synthetic aperture radar 
(ISAR) case, the resulting image is dependent on the relative motion of the target 
with respect to the radar. There are cases where imaging is not always possible in 
a monostatic ISAR system if such a motion is unfavourable, such as the case of a 
missile directly pointing at the radar. 


e Solution to the problem of obtaining persistent imaging. The time on target may be 
significantly reduced by simultaneously looking at the same target from different 
angles. 


Multidimensional radar imaging 


Multistatic imaging is naturally multi-aspect, therefore also increasing the 
chances of forming high-quality images (image fusion, coherent and incoherent). 
Increases the probability to obtain at least one effective ISAR image for ATR 
purposes in a given time interval. 

Reduces the effects of shadowing and self-occlusion. 

Increases classification performances in case shadows are used to classify the 
target as multiple shadows are created from different aspect angles. 

Wide area coverage single wide area illuminating source and network of passive 
receiving radars can be a lower cost solution compared to multiple monostatic 
systems and would make a more efficient use of the spectrum. 

Covert surveillance/counter jamming: ESM/ECM would be directed at the illu- 
minating source rather than at the passive receivers, therefore increasing the 
signal-to-interference ratio and the resulting image quality. 

Possible advantages against clutter (in maritime scenarios, clutter less spiky in 
bistatic configurations). 

Multi-aspect imaging produces 3D images to support target classification. 
Multistatic geometry opens up new possibilities in target motion estimation 
(multilateration). 

Possible advantages by means of the reduction of imaging time and/or bandwidth. 
Increased system resilience, i.e. failure of one or two components may reduce 
system performance but do not completely bring down the imaging system. 


Ready application to totally passive operations using illuminators of opportunity (IO): 
passive ISAR using multiple IOs could enable a multistatic radar imaging system that 
could defeat target low-observability and therefore allow for such targets to be imaged. 
Some results have been shown in the following RTGs: SET-164, SET-186, SET-195. 


1.2.2 Multichannel radar imaging systems 


Multichannel radar systems allow for spatial signal processing. More specifically, 
digital multichannel systems enable adaptive spatial signal processing, such as digital 
beamforming. Regarding radar imaging, multichannel systems have been used to add 
the following important capabilities: 


Additional data from multiple channels produce extra dimensions to be exploited 
to form 3D images, which in turns may prove useful to increase ATR 
performances. 

Clutter suppression methods for detection of small targets become more effective 
with multichannel systems as modern GMTI techniques that make use of multiple 
channels can be implemented. The elimination of strong clutter contributions may 
enable effective imaging of ground targets. 

Multiple beamforming for imaging radar (simultaneous imaging of multiple tar- 
gets) may allow for a better integration and usage of imaging functions into 
multifunction radars. 

MIMO radar imaging may lead to an increase of performances in 3D image 
formation and consequently in ATR. 
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1.2.3 Multi-polarisation radar imaging systems 


Radar polarimetry has been studied and used in the last decades as it provides means to 
discriminate among different scattering mechanisms. The way different polarisations 
interact with targets and the environment allow for additional degrees of freedom to 
be used for a number of applications. Some important applications of interest where 
polarimetry provides the means for improved performance or additional capabilities 
are as follows: 


e Effective detection: Polarimetry can be used to enhance the target RCS and to 
remove clutter. Evidences can be found in the detection of small ships in heavy 
sea clutter as well as the detection of targets under foliage. 

e Automatic target classification and recognition: Targets are seen by radar as com- 
plex scattering phenomena. Such scattering mechanisms can be discriminated 
and classified by using fully polarimetric radar systems. Decomposition methods 
that are able to classify different types of scattering have been devised, which 
can be associated with specific targets of parts of them. Such an ability allows 
for ATR system to become more effective than those based on single-polarisation 
radar systems. 

e Classification of natural scenes: Natural scenes, similarly to man-made targets, 
are characterised with different types of scattering. More specifically, various 
types of natural surfaces exhibit different behaviour from an e.m. point of view. 
Such characteristics can be sensed by polarimetric radar, which can use it to 
classify the type of scene. Such capability can be used for both civil- and military- 
driven Earth observation. 


1.2.4 Multi-frequency radar imaging systems 


As scattering mechanisms strongly depend on frequency, frequency diversity can be 
used to enhance and enable radar capabilities. More specifically, for what concerns 
radar imaging, a number of applications benefit from dual and multiple frequency 
radar systems. As a general rule, higher frequencies open the possibility of using wider 
bandwidth, which, in turn, allow for finer resolutions to be achieved. On the other 
hand, lower frequencies may have limited bandwidth and therefore coarser resolution, 
which limits the amount of details that may be visible. Although higher frequencies 
should be preferred in this matter, they suffer of a few drawbacks, such as limited 
range and scarce foliage penetration capability. For these reasons, lower frequencies 
still play an important role in radar imaging. We may summarise some benefits that 
descend from the use of multi-frequency radar systems, as follows: 


e = =Multi-frequency radars are able to take advantage of both low-frequency and high- 
frequency characteristics and guarantee effectiveness in a variety of scenarios. 

e The use of multi-frequency systems should also be regarded as multispectral 
systems that are able to obtain spectral signatures of targets, which appear differ- 
ently at various frequencies. This dimension should be considered as an additional 
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degree of freedom to be exploited to enhance diversity and therefore separate a 
target from another. 

e Target detection within SAR images should be benefitted from the use of multiple 
frequencies as the signal-to-clutter ratio may depend on the utilised frequency 
and maxima may be found at given frequencies that guarantee higher target 
detectability. 


1.2.5 Systems design considerations 


More channels or nodes cost more; hence there needs to be a strong justification 
in performance benefit to justify the cost, such as more coverage and more timely 
information. By timely we mean detecting something further away but also taking 
less time to be able determine what it is and decide what to do about it. This is where 
enhanced identification through target imaging is most likely to be of benefit. It is 
more likely that a technique discussed in this book will be adopted if it can be imple- 
mented as an additional capability in an existing system or system of systems than if 
a new system has to be built to implement the method. Despite much research into 
multichannel systems, the most numerous radar systems available remain monostatic 
and single channel, although more of these are coherent than would have been the 
case 20 years ago. This suggests that multistatic methods will have a more readily 
available user base than multichannel; however, these systems need to be able to 
communicate information between them, which might not always be the case. Many 
radars, particularly mobile or relocatable military systems, are used stand-alone with 
only the operators privy to the information produced. Some of the data may be shared, 
sometime this can still be via verbal communication over radio or a radio data-link, 
such as MIDS, which has limited bandwidth and is therefore generally restricted to 
target-track information. Multistatic systems may therefore require an enhancement 
of communications networks in terms of bandwidth and data-rates, which could be 
as complex as upgrading the radars. The move to network-enabled capability is likely 
to make the comms infrastructure more readily available. Multi-frequency systems 
could be similar to multistatic systems, if they comprise a distributed network of sen- 
sors operating at different frequencies so that data and/or imagery needs to be shared 
around the system. A platform could also have multiple co-located sensors providing 
imagery in different radar bands, which reduces the complexity of distributing the 
data, but would mean that the imagery has a single perspective. It is also conceivable 
that an ultra-wideband radar can produce imagery at differing frequencies from a 
single sensor and possibly even over a single aperture or data-collection period (by 
processing different parts of the bandwidth separately or interleaving pulses at differ- 
ent frequencies). Note that hyperspectral systems that can produce multiple images 
at varying frequencies simultaneously have not yet appeared in the RF domain and, 
while not beyond the realms of possibility, the technology would be exceedingly com- 
plex to develop. Multichannel systems get around the problem of synchronisation and 
between spatially separated nodes but make the individual sensor more complex and 
increase the processing demands. For these reasons, most multichannel systems in 
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operation have a modest number of channels (two, three or four) and most are ded- 
icated to the convention approach of sum, difference and guard channels formed at 
RF and then digitised. Radars with larger numbers of channels, based on individu- 
ally digitised ‘subarrays’ of a phased array antenna, are becoming more numerous, 
though many remain as experimental or development systems. Systems with a small 
number of channels will however remain the most numerous for a long time to come, 
hence techniques based around conventional set-ups of channels are most likely to 
be immediately exploited. Of all the techniques considered here, it is probably fair 
to say that radar systems that can measure polarisation are the least numerous, being 
limited to a few experimental airborne systems and satellite radars for Earth observa- 
tion. Operational radar systems generally have an antenna with a fixed polarisation, 
or more accurately an antenna provides no measurement of the polarisation state 
of the received signal. Polarisation is a neglected subject in radar-signals analysis 
because of this, with the variation in polarisation due to interaction with the structure 
of the target most often subsumed into statistical models of radar cross-section and 
clutter backscatter. The incorporation of polarisation measurement into the antenna 
and receiver hardware of an operational system, as well as the additional processing 
required, would be technologically challenging, especially for phased array antennas 
that would need transmit/receive elements with selectable polarisation. Such technol- 
ogy is feasible, which is why it is important to consider the application of polarimetry 
here and understand whether the performance benefits justify the investment in tech- 
nology development. The previous sentence sums up the ethos of the analysis provided 
in this book. If the science tells us that a technique provides a major advance in per- 
formance then when we as engineers are asked ‘can we build it?’ The answer is most 
often ‘yes we can’. 


1.2.6 Concluding remarks 


Without any doubt, multidimensional radar systems are more complex and costly than 
monodimensional ones. Nevertheless, the advantages offered by such systems may 
be such to justify the effort. As described in the previous sections, multidimension- 
ality embraces several degrees of freedom, which may lead to optimal combinations 
in dependance of the scenario and application at hand. The question to ask (and 
to answer) is, therefore, not just a matter of deciding whether a multidimensional 
radar is better or not than a monodimensional one, but what combination of dimen- 
sions (radar characteristics, such as polarimetry, channels and frequencies) better 
responds to certain needs. In this book, we have tried to collect contributions that 
explore multidimensional radar in many aspects, including multichannel, multistatic 
and multi-frequency systems with the aim to provide a grasp of the results that are 
achievable with such systems. The answer to what configuration provides the optimal 
system is not contained in this book as it is not unique, and it depends on a number 
of variables. Nevertheless, having some notions of what can be achieved in terms 
of capability and performance with a certain type of multidimensional radar system 
surely helps when deciding what type of radar to build for a specific scenario or 
combination of scenarios. 
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1.2.7 Book organisation 


This remainder of this book is composed of two parts. Part I will deal with multidi- 
mensional radar imaging algorithms, whereas Part II will focus on practical feasibility 
and applications. More specifically, 


e Part 


I 

Chapter 2 describes a method for 3D reconstruction of moving targets based 
on ground-based dual-interferometric ISAR system. ISAR systems form 2D 
images of targets, which results in a filtered projection of a 3D target onto 
an image plane. Such an image plane is dependent on the radar-target geom- 
etry and dynamics that are generally unknown. 3D ISAR images eliminate 
the problem of having to deal with an unknown projection. The interfero- 
metric phases measured from two orthogonal baselines are used to jointly 
estimate the effective rotation vector and the scattering centre heights. The 
scattering centre extraction from the ISAR image is performed by applying 
a multichannel CLEAN technique. Theoretical approach and results from 
simulated and real datasets are presented to demonstrate the effectiveness of 
3D ISAR imaging. 

Chapter 3 provides an overview of space-time adaptive processing (STAP)— 
ISAR processing for clutter suppression and high-resolution imaging of 
non-cooperative moving targets. In particular, an alternative version of 
conventional STAP processing for the imaging of moving targets in SAR 
images is described. Results based on simulated and real data acquired 
with a multichannel airborne radar system are shown. Specifically, results 
of the STAP-ISAR processing both on monostatic and bistatic system 
configurations are presented. 

Chapter 4 provides the mathematical fundamentals of passive ISAR. Par- 
ticular attention is given to passive radar systems that make use of multi- 
frequency broadcast signals, including the possibility to use heterogeneous 
IO (e.g. DVB-T, UMTS and others). The exploitation of a signal composed of 
multiple broadcast signals allows for finer spatial resolutions to be obtained 
and effective radar images to be generated. On the other hand, spectral gaps 
in broadcasted signals may exist, which would require a system’s ability to 
deal with them. Such issue and other constraints will be analysed in this 
chapter and solutions will be provided. Results are finally shown based on 
theoretical, simulated and experimental analysis. 

Chapter 5 discusses the principles and applications of radar tomography in 
the more traditional areas of SAR and spotlight SAR as well as the more novel 
Doppler radar tomography, which are fundamentally related to the so-called 
fast- and slow-time spatial frequency spaces. The system requirement, data 
collection requirement and challenges for each application are discussed; 
various image formation techniques are described; predictions for expected 
imaging performance in terms of image resolution and image contrast are 
given. Lastly, the advantages and disadvantages of radar tomography are also 
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discussed, with the objective giving the radar engineer tasked with designing 
such a system some realistic options to consider. 

Chapter 6 gives an overview of potentials and limitations of SAR based on 
passive radar systems. Particular attention is devoted to the exploitation of 
digital broadcasting signals as IO. This chapter defines multistatic operations 
and presents a validation based on experimental setups available at Fraunhofer 
FHR. 

Chapter 7 introduces a technique for multistatic/multiband ISAR image 
fusion. Special regard is given to the facts that coherence between sepa- 
rated sensors cannot be assumed and that the fusion has to be performed in 
all three spatial dimensions. The result is a 3D ISAR image that mitigates the 
problem of aspect angle dependence of ISAR images used for classification. 
The presented method is furthermore a solution to fuse heterogeneous signals 
(e.g. multiband). The functionality of the technique is illustrated by results 
using both simulated and real data. 


e Part I 


Chapter 8 presents an analysis of micro-Doppler signatures of helicopters 
obtained using a network of passive radar receivers in a multistatic sys- 
tem geometry. Methods for rotor blades imaging, such as inverse synthetic 
aperture, and rotor parameter estimation using a multiband/multi-receiver 
passive radar system, are described. Relevant performance comparisons 
between passive and active radar systems are presented and discussed where 
appropriate. 

Chapter 9 discusses the use of data collected from multiple interferometric 
systems to enhance the system capability to reconstruct 3D non-cooperative 
target images effectively. In particular, a method for multistatic 3D target 
reconstruction that is based on an incoherent technique is described, and 
results based on real data are shown. 

Chapter 10 describes the acquisition and processing of semi-cooperative 
bistatic SAR data using the Italian space-based Cosmo-SkyMed SAR system 
as an illuminator and ground-based receivers that were designed and built at 
DSTL. Exploiting illumination sources designed for SAR image formation 
has a number of advantages, including desirable waveform ambiguity func- 
tions and suitable power spectral density on the ground. The aim of the work 
was to assess the performance of the receiver hardware and image forma- 
tion algorithms. In particular, the impact of errors in transmitter location is 
addressed and the resulting spatially variant geometric distortions in imagery 
are explored. 

Chapter 11 encloses the experience learnt during the 4-year NATO SET- 
196 RTG on ‘multichannel/multistatic radar imaging of non-cooperative 
targets’. Considerations on the achievements obtained, practical implemen- 
tations experimented, remaining challenges and future trends are reported in 
this final chapter to conclude this book. 
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Chapter 2 


Three-dimensional inverse synthetic 
aperture radar 


Daniele Stagliano!, Federica Salvetti', Elisa Giusti! 
and Marco Martorella! 


Inverse synthetic aperture radar (ISAR) has proven capabilities for non-cooperative 
target recognition applications. This sensing imaging technique has been able to 
provide operational information in a robust manner. 

Multichannel/multi-static ISAR systems are of emerging interest as they can 
exploit spatial diversity, enabling improved performance and new applications. Such 
systems differ from typical monostatic ISAR systems through consisting of multiple 
spatially diverse transmitter and receiver sites. Due to this spatial diversity, these sys- 
tems present challenges in managing their operation as well as in usefully combining 
the multiple sources of information to give an output to the radar operator. 

As we know, the conventional ISAR imaging approach produces two-dimensional 
(2D) images of targets by projecting the reflectivity function onto the so-called image 
projection plane (IPP). This means that the same target may produce very different 
projections and then appear very different when the IPP changes. 3D ISAR imaging 
can, therefore, be seen as a logical solution to such a problem as it produces 3D target 
reconstructions and, therefore, can avoid the target’s projection onto planes. 

This chapter introduces the development of a method for 3D reconstruction of 
moving targets. This method is based on the use of a dual interferometric ISAR 
(InISAR) system. The interferometric phases measured from two orthogonal baselines 
are used to jointly estimate the target’s effective rotation vector and the heights of the 
scattering centres with respect to the image plane. The algorithms are tested on a 
variety of simulated and real datasets. 


2.1 Introduction 
The evaluation of radar data of non-cooperative targets that have been acquired using 


a multichannel or a multi-static radar system needs proper algorithms to recover all 
available target information. ISAR has been studied for more than three decades 


'CNIT Radar and Surveillance System (RaSS) National Laboratory, Pisa, Italy 
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and several demonstrations have proven its effectiveness in forming electromagnetic 
images of non-cooperative targets [1,2]. In its most simple form, ISAR systems pro- 
duce 2D images of targets. A 2D-ISAR image can be interpreted as a filtered projection 
of a 3D target’s reflectivity function onto an image plane. Given the dependence of the 
image plane orientation on the radar-target geometry and dynamics (which are typi- 
cally unknown), such projection cannot be predicted. This often results in a difficult 
interpretation of an ISAR image. Not knowing the projection of the target onto the 
image plane necessarily causes difficulties when attempting to classify or recognize 
the target by using ISAR images. 3D ISAR imaging can, therefore, be seen as a logical 
solution to such a problem as it produces 3D target reconstructions. 3D ISAR imaging 
has been a subject for research for many years. In [3], a 3D imaging algorithm based 
on tomography was developed that extended the synthetic aperture both along the 
azimuth and the elevation. A key factor in achieving accurate 3D images is precise 
control over the radar line of sight (LoS) and the incident angle. Such accuracy can be 
achieved in controlled experiments, such as in the case of turntables [4]. The use of 
ISAR image snapshots to form 3D images of fast rotating objects when the spinning 
velocity is much higher than the precession velocity has been proposed in [5]. The 
effectiveness of this method was proven in the case of ballistic missile 3D imaging. 
Another way of forming 3D ISAR images was proposed in [6-8], where a sequence 
of ISAR images is used to track scattering centre range histories. The 3D location 
of such scatterers is then estimated by using such tracks and by using geometrical 
constraints induced by rigid bodies. Such methods rely on long observation of the 
target and their performance strongly depends on the target’s motion. Meanwhile, 
techniques based on the use of multichannel sensors and interferometry have been 
proposed [9-12] to obtain 3D ISAR images. It should be pointed out sooner rather 
than later that the 3D target reconstruction is not a full 3D image, as the scatterer’s 
elevation with respect to the IPP is obtained as a result of an estimation problem 
and not as an output of an imaging algorithm. Nevertheless, a direct advantage of 
using such techniques is that no a priori knowledge of the target’s rotational motion 
is required and their effectiveness does not depend on such a motion. 

The authors of [6,7] proposed a novel algorithm for producing 3D ISAR images 
of targets by combining ISAR image sequences and interferometry, as detailed in [7]. 

Problems related to the baseline length in InISAR for 3D target reconstruction 
were discussed in [13]. A method for compensating the baseline length variation was 
also proposed in the same paper. In any case, in order to avoid the phase wrapping, 
by keeping valid the following constraint: 


ARo 
< kiar 
D 


where d is the baseline length, À is the wavelength of the transmitted waveform, Ro is 
the radar-target distance in the phase centre and D is the maximum size of the target. 
However, the baseline length should be set close to the above-mentioned upper bound 
since the longer the baseline length, the finer the accuracy results. 

A technique for co-registering ISAR images prior to applying interferometry was 
discussed in [14], whereas the use of two perpendicular antenna arrays was proposed 


d (2.1) 
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in [9] to form target 3D images. Target motion effects in InISAR were investigated 
in [15] by using a realistic 3D target model. The problem of 3D target reconstruction 
is addressed and solved in this work by introducing a new estimation problem, which 
involves the joint estimation of the target’s effective rotation vector (modulus and 
phase) and the height of the scattering centres by using a dual InISAR system. The 
estimation of the effective rotation vector allows the ISAR image plane to be estimated. 

A partial theoretical foundation of this approach has been introduced in [16,17]. 
Nevertheless, some critical aspects still remain either unchallenged or not well 
defined. In particular, the scattering centre extraction and the 3D reconstruction 
alignment need particular attention. The main goal of this work is to provide a solid 
theoretical foundation for 3D-InISAR imaging paying particular attention to such 
problems. The scattering centre extraction is a fundamental step as it allows the 
computation burden to be greatly reduced. In fact, by extracting a number of bright 
scatterers from an ISAR image, the target information can be significantly com- 
pressed. As a consequence, the 3D reconstruction reduces into the localization of 
bright scattering points in a 3D space. The scattering centre extraction is carried out 
in this work by applying an extended version of the CLEAN technique [18], namely 
the multichannel CLEAN (MC-CLEAN) technique. Once the target 3D reconstruc- 
tion is accomplished, it is important to align the 3D cloud of points with respect to 
a preset reference system. This operation is fundamental as it allows reconstructed 
targets to be compared directly with the target’s models. In this work, a 3D target 
alignment process is proposed that is based on the estimation of the effective rotation 
vector. 

Simulated data are finally used to verify the assumptions made and to confirm 
the effectiveness of the proposed technique. The simulated data used in this work are 
obtained by generating the backscattered signal from two point-like scatterer models: 
an airplane and a boat. By varying the target’s motion and the system geometry, several 
scenarios can be produced to test the proposed algorithm. Also, a real dataset from 
NATO Joint Trial within RTG SET-196 has been used to test the proposed method in 
an experimental environment. 


2.2 Algorithm description 


In this section, the signal processing chain and the system geometry are described. 
The overall flowchart is depicted in Figure 2.1. 
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Figure 2.1 Overall flowchart of 3D reconstruction processing 
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2.2.1 Multichannel ISAR signal model 


This section is devoted to present the geometry of an InISAR system and to introduce 
the multichannel signal model. 


2.2.2 System geometry 


The system described in Figure 2.2 consists of three antennas arranged in an 
L-shape configuration with vertical baseline dy and horizontal baseline dy. Hav- 
ing to deal with three reference systems, we will denote points in the 3D space by 
using a subscript according to the specific reference system coordinates, e.g. Cz and 
C, denote the same point expressed with the reference system coordinates 7; and 
T, , respectively. The point C; corresponds to the origin of the reference system T;, 
which is the antenna array phase centre. The antennas located at points V; and Hy lie 
on the &; and &; axis, respectively. The reference system 7; is embedded on the radar 
system while T, is the time-varying reference system embedded on the target and T, 
is coincident with T, at time t = 0. The reference system T; corresponds to 7;, but 
it is centred on the target. For simplicity of representation, let us consider the three 
antennas to be both transmitting and receiving. Such a configuration would require 
the use of orthogonal waveforms in order to separate the three channels. However, 
equal effectiveness could be achieved by considering the use of one transmitter and a 
certain number of co-located receivers. 

Finally, the target is described as a rigid body fixed with respect to Tą, com- 
posed of K point-like scatterers with complex amplitude op and with position 
x = [x1,,%2,,%3, | at time ż = 0 for the generic kth scatterer. 


2.2.3 Received signal modelling 


As well known, the signal in the frequency/slow time domain at the output of the 
matched filter after the application of the straight iso-range approximation can be 
expressed as 


SS= CWE | se) apl- [Rie + (x: is) || dx (2.2) 
V C 


¥3(0) = x3 A 


¥1(0) = xy 


Figure 2.2 ISAR system geometry 
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where 


n fh 
W(f,n) = rect =| ret] - | (2.3) 
defines the domain where the 2D Fourier transform (2D-FT) of the reflectivity func- 
tion f'(x) is defined, C is the complex amplitude, fọ is the carrier frequency, B is the 
transmitted signal bandwidth, N is the number of pulses transmitted by the radar, 
RO”) is the modulus of vector R? (n) which locates the position of the focusing 
point O, iy (n) is the LOS unit vector of Rọ(n) expressed with respect to T, and 
i € {V,C,H}. The function rect(x) is equal to 1 for |x| < 0.5, 0 otherwise. 
For an ideal point scatterer, (2.2) is modified as follows: 


Sf.) = 04 ep ERS (| apl- [x: i] WE CA 


When the baselines are short compared to the radar-target distance, the reflectivity 
functions a? can be considered the same for all the channels, i.e. a = o. The 
received signal after motion compensation can be written as follows: 

SE(S,n) = or exp j= [yo ibs] W(f.n) (2.5) 
where y(n) is the position of an arbitrary target’s point scatterer and iths) is the LoS 
unit vector expressed with respect to T,. The distance between the focusing point O 
and the projection of the scatterer onto the LoS is mathematically expressed by the 
scalar product y(n) - isn). Under the assumption of a small observation time, the 
total rotation vector can be considered as constant and the image plane fixed with 
respect to Tz: 


Qr(n) > Qr, 0 <nTr < Tors (2.6) 


processing interval. 
In this case, the position of the target’s point scatterer y(n) can be calculated by 
solving the following differential equation system: 


y(n) = Qr x y(n) 
| Woes z 2T 


The resulting closed form solution is as follows [17,19,20]: 
c 
y(n) = a + b cos(QrnTr) + T. sin(QrnTpr) (2.8) 
T. 


where a = ((Q7-x)/Q7)Q7, b = x — ((Qr-x)/Q7)Qz, c= Qr x x and Qr = 
[2r] and Qr = (0, Q7,, Rey) in the chosen reference systems. Since Qr, is aligned 
along the radar LoS, it does not produce any aspect angle variation and, therefore, does 
not contribute to the ISAR image formation. The projection onto the plane orthogonal 
to the LOS defines the effective rotation vector Qey. The plane orthogonal to Qep 
is the imaging plane. The assumption of a small T,,, allows also to approximate the 
term y(n) in (2.8) by its first-order Taylor series around t = 0. The result is expressed 
in (2.9): 


y(n) =a+b+enTr = x + cnTr (2.9) 
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Under this approximation, the ISAR image can be successfully reconstructed by 
the range-Doppler (RD) technique [2,21,22] because the Doppler frequency of each 
scatterer is considered as constant. When the effective rotation vector is sufficiently 
constant and when the total aspect angle variation is sufficiently small, the RD tech- 
nique provides focused images. Consequently, a 2D-FT can be used to form the ISAR 
image. The matrix Mg, in (2.10) describes the rotation of the reference system T, of 
an angle @ with respect to Ts: 


cos@ 0 sing 
= 0 1 0 (2.10) 
—singd 0 coso 


Miy 


By means of the rotation matrix Mey, the LoS unit vectors ifo) can be written as 
the normalized difference between the positions of each sensor and the origin of T,: 


a a y(n)—Vi(n) —dy sing Ro(n) —dy cosh | 

kos E YV, Reo: Fd SRY td: SR} + a 

c ax, YOO): | 

iros) = ¥@—C,@01 [0 1 0] (2.11) 
eH A y(n)—H,(n) | —dy cos Ro(n) dy sing | 

tos") = Y-H,(n)| LVR +d} Ron} +d} Rn? + ad} 


where V,(n), C,(n) and H,(n) are the positions of the antennas with respect to T, 
and dy and dy represent the vertical and horizontal baseline lengths, respectively. 
Therefore, the scalar product in (2.5) can be written as [22] 


—dy sing 
VRo(ny + dj 


+ (xX) + cot) Ly + (x3 + c3nTp) Se: cone 
ee ARRE) O \ Rony d 


d ; 
xX. + conTr — oe [Œœ + cinTr)sin d + (x3 + c3nTr)cos ġ] 
0 


y(n): itos") = (x + cnTp)- izos (n) = (xı + cınTpr) ( 


Ile 


= K) + K[nTr (2.12) 
where 
VA dy ¢ 
Ky =x. - A (x; sin @ + x3 cos ġ) (2.13) 
0 


d 
KY £o — = (cı sin $ + c3 cos ġ) (2.14) 
0 
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The term Ro(t) can be reasonably approximated with Ro(0) = Ro when consider- 
ing a small observation time. Equivalently, the denominators \/Ro(n)? + d? and 
y Ro(ny + dj, are approximated as Rọ. The terms c1, cz and c3 are the three com- 
ponents of the vector ¢ introduced in (2.8). The scalar products for the other two 
elements can be similarly computed as follows: 


y(n) - itos) = Ky + KynTp (2.15) 
y(n) - itos (n) = KË + K”nTr (2.16) 
where 
KE ê» (2.17) 
Kf êo (2.18) 
HA dy é 
Ky x+ A (x3 sin @ — xı cos ġ) (2.19) 
0 
H A dy : 
K ct R (c3 sin @ — cı cos) (2.20) 
0 


By substituting the scalar products of (2.12), (2.15) and (2.16) into (2.5), the received 
signal model can be written as follows: 


4r i i 
o; epl- [Ki + KS 'nts]| W(f,n) 


4 (i) 4 KO 2 
= O f- ae | rect (|) wl -j = of} rect (4) 


(2.21) 


SOUn) 


In the case of small aspect angle variations, the standard procedure for obtaining 
ISAR images is the RD technique. A 2D-FT is applied and the analytical form of the 
complex ISAR image in the delay-time (t) and Doppler (v) domain is obtained. The 
result is shown in (2.22). 


y . ‘a 2 (i) 
T(r, v) = RDp-st [s2 f, n} = BNTzo, d7 20) 


2 4 Za 
sine| Tas (» re Ago) | sin| 2 (: = Kp) | (2.22) 
Cc C 


where sinc(x) = (sin(rx)/7zx) and RDf>+ {-} indicate the operation of image forma- 
tion by means of the RD approach. 


2.2.4 Multichannel CLEAN algorithm 


In this section, a spatial MC-CLEAN technique is proposed. The CLEAN technique 
can be used to extract target features, such as position and complex amplitude of 
dominant scattering centres. Being the system at hand a multichannel system, the 
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single-channel CLEAN technique is here modified. The modification made stems 
from similar concept discussed in [23], where a POLCLEAN technique was presented. 
The MC-CLEAN works iteratively using a genetic algorithm [24] by 


e locating the brightest scattering centre in one of the multichannel ISAR images 
and finding its coordinates in the time delay-Doppler image plane; 

e estimating the scattering centre point spread function (PSF) which corresponds 
to the extracted coordinates of each ISAR image and 

e removing the estimated PSFs from the ISAR images in order to extract the next 
brightest scattering centre. 


The algorithm stops when the residual energy in the ISAR image at the kth iteration 
is lower than a preset threshold à. Such a threshold is typically set to a percentage 
of the initial energy. The block diagram describing the MC-CLEAN is depicted in 
Figure 2.3. 

Figure 2.4 shows an example with a target that resembles the shape of an aircraft. 
An example of a simulated 2D-ISAR image, the output of the MC-CLEAN technique 
and the residual ISAR image is shown in Figure 2.4. The input ISAR image resembles 
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Figure 2.3 MC-CLEAN block diagram 
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Figure 2.4 MC-CLEAN results: (a) ISAR image as input, (b) output and 
(c) residual ISAR image 


the shape of an aircraft with 35 scatterers. Additive white Gaussian noise has been 
added in data domain so as to have a signal-to-noise ratio (SNR) equal to —20 dB. 
All the scatterers are extracted in the right coordinates. 


2.2.5 3D reconstruction processing 


According to [17,25], the height of each scatterer with respect to the image plane 
depends on the angle ¢ and on the phase differences between the antennas along the 
vertical and horizontal baselines. We also assume that the IPP is the same and that the 
target is located in the far field region. The phase differences, i.e. interferograms, for 
the horizontal and vertical configurations, can be calculated from the ISAR images 
by exploiting both the vertical and horizontal interferometers as 


Ady = Z IC, v)- conj|7 (r, v)]} (2.23) 


Aby = Z{I" (t, v) - conj[ r, v)]} (2.24) 
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where conj(-) represents the conjugate operator. By considering the ISAR images 
calculated at the peaks of the sinc functions in (2.22), the interferograms in (2.23) 
and (2.24) can be expressed as follow: 


4 4r d i 
Aby = OT (KC - KË) a a v(x; sing + x3 cos $) (2.25) 
Ç c Ro 
4 4r d — X3 Si 
Aby = (KE — KE) = Fp AE— HEM (2.26) 
0 


The point x = y(0) is first mapped onto the point £ = [€,, £2, £3] from the reference 
system T, to the reference system 7;. In order to obtain the analytical expression of 
its coordinates with respect to 7;, the following transformation is applied: 


£ = Mg -y(0)’ =M -x (2.27) 


where the symbol (-)? is the transpose operator and the rotation matrix M;, is defined 
as in (2.10). In details: 


cos@ 0 —sing x1 
£= 0 1 0 » | xX (2.28) 
sing 0 cosd X3 


Therefore, the coordinates of the point y; can be expressed as 
& =x, cos ġ — x3 sing 
& =X) (2.29) 
&, = xı sin ġ + x3 cos h 

These coordinates can be expressed as a function of the phase differences. This can 


be done after rewriting AOy and A6@z by substituting (2.27) in (2.30) and (2.31) and 
then by inverting the obtained equations, as shown in the following equation: 


4r dy &3 Cc Ro 


Ady = — = —~— Ad 2.30 

4 z fo Ro => $ inh dy 4 ( ) 
4r dye, c Ro 

H PE Ro Fi ma (2.31) 


Finally, the expression of the coordinates of x can be obtained by remapping the 
coordinates from T; to T, as follows: 


x= My -& (2.32) 
In details: 


cos@ 0 sing § 
x=| 0 ı 0 Lelie (2.33) 
—sing 0 coso &3 
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Therefore, the coordinate of x can be written as 
xı =&,cos¢+& sing 
X = & (2.34) 
x3 = & cos ġ — £; sing 

In particular, by substituting (2.30) and (2.31) into the component x3 of (2.34), 


which represents the height of the scatterer with respect to the image plane, it can be 
expressed as a function of the phase differences and the angle ¢ as follows: 


ga r( 2E E RT 6) (2.35) 
4r fo d V d H 

In order to completely define the component x3, the angle ø needs to be estimated. 
In fact, all of the other parameters are known or measured. In particular, the range 
distance Ro can be evaluated from the RD map and the interferograms A0y and Ady 
are measured from the ISAR images as shown in (2.23) and (2.24). 

It should be reminded that @ represents the angle between the third component 
of the 7; reference system and Qey. Since Qep is aligned with respect to the axis 
x3 in the T, reference system, the angle ¢ corresponds to rotation angle between the 
reference systems T; and Ty. 

Qey and ¢ can be jointly estimated by expressing the term ¢ in (2.8) with respect 
to the reference system T,: 


e=Q;7;xx>Q~r~ X1 Qef (2.36) 


where Q7 = (0, 272, Zep), Reg is the modulus of Qey and Nr is the coordinate of 
Qr along the yy axis. It should be noted that this is the result of the selection of T,. In 
fact, this reference system is chosen in order to have the y; axis aligned with Qey at 
t = 0, the y, axis aligned with the LoS and the y; axis to complete a Cartesian triplet. 
It should also be pointed out that 272 does not produce any aspect angle variation, as 
it is aligned with the LoS. Thus, the first component Qr; must be zero since Qey is 
the only component that gives the contribution to changing the aspect angle. 

The term c3 can also be expressed by taking into account the Doppler component 
as follows: 
= -g = -ha > C = n (2.37) 
After some algebra, a relation between vc, A6;;, A0y and ¢ can be obtained. In 
particular, by substituting the component x, of (2.34) and (2.36) into (2.37), the 
following equations can be derived: 


Vc 


; c 
C2 = X1 Qer = (E1 coso + & sing) = Mae (2.38) 
0 
Thus, by using the relations in (2.31) and (2.30): 
cRo Ady cRo AOy r C 
—— Qe ——.Q, = =v 2.39 
RT f COS + TER p sing KEA ( ) 
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After some simplifications, the following equation is derived: 


Roeg ( A0 A0y . 
ve = — Sbai ZH coso + — sing (2.40) 
Qn dy dy 
Equation (2.40) can be also expressed as follows: 
Z=aY + bX (2.41) 
where 
Z= Ve 
Ro 
2 A8 
2rdy e 
R 
X£- po, (2.42) 


as Re Cos $ 
b£ Qey sin o 


Consequently, by considering the contribution of K independent scatterers, the 
parameters Z, Y and X can be expressed as vectors. In particular, 


Z= [Zi, Z2.. <, ZK] (2.43) 
Y= Vi P, YK] (2.44) 
X= [X1,X2,...,X«]" (2.45) 


Therefore, (2.41) can be rewritten by considering only the contribution due to 
the kth scatterer as follows: 


ZH 0% 4b%.  k=1,...,K (2.46) 


In other words, Z, corresponds to the Doppler value of the kth scatterer for the 
central receiver. Therefore, the interferometric phases are calculated from the matrices 
A@y and AOp only in the range and Doppler bins where the scatterers are extracted. 
In this way, the terms Xz, Y;, and Z; are real values and (2.46) represents the equation 
of a plane. 

Then, the estimates of Qey and ġ can be calculated by estimating a and b. This 
can be done by evaluating the regression plane, that is the plane that minimizes the 
sum of the square distances of the points P} = (X;, Yz, Zk) from the plane itself. 

The problem can be mathematically solved by minimizing the function: 


K 
Y (a,b) = X` [Z — (aY; + XP (2.47) 


k=1 


The minimization of Y (a, b) in (2.47) can be done by demonstrating that Y (a, b) 
is a convex function. In fact, a twice differentiable function of several variables is 
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convex on a convex set if and only if its Hessian matrix is positive semidefinite on the 
interior of the convex set. Any local minimum of a convex function is also a global 
minimum. A strictly convex function will have at most one global minimum. The 
latter condition is verified when convex set corresponds to the whole domain. 

Let the following quantities be defined as follow: 


Syy = X7X 

Syy = YTY 

Sy = XTY (2.48) 
Syz = XTZ 

Syz = XĪZ 


By solving the minimization problem with respect to the variables (a, b), the 
following result can be derived: 


_ SyzSxy — SyzSxx 


as (2.49) 
_ SyzSyy — SyySxz l 


b= 
Sey — Syx Syy 


Finally, the estimation of Qy and ¢ can be derived from the estimates @ and b as 
described in the following equations: 


Quy = yV? +b (2.50) 


ĝ = sion (2) (2.51) 


An example of the function Y(a, b) is depicted in Figure 2.5. 


Figure 2.5 Y convex function: (a) 3D view and (b) top view 
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2.3 Performance analysis 


It is very important to evaluate the performances of the interferometric processing in 
order to better interpret the results of the 3D reconstruction. 

Consider to analyse simulated data where Gaussian noise has been added to the 
raw data in order to obtain a given SNR (in the data domain). 

As described in the previous sections, the inputs of the interferometric processing 
are the interferometric phases and the RD positions of the scattering centres extracted 
by the MC-CLEAN technique. The height of each scatterer with respect to the image 
plane is then obtained through the estimation of the mentioned parameters. Conse- 
quently, the resulting 3D shape is composed of several scattering centres. In order to 
analyse the performances of this method, the first step is then to realign the recon- 
structed target, expressed with respect to the image plane, with the reference model, 
expressed with respect to 7;. In this way, each scatterer of the reconstructed target 
can be consistently compared with each scatterer of the reference model. 

The performance analysis block diagram is shown in Figure 2.6. 

First, the reference model is rotated so that its heading coincides with the assigned 
trajectory and the reconstructed target is rotated so that the image plane coincides with 
the horizontal plane where the reference model is expressed. 

Second, each scatterer of the 3D reconstructed target is associated to the cor- 
respondent scatterer of the model through a soft assignment processing. Finally, 
performance indicators are defined in order to verify the effectiveness of the method. 


2.3.1 Scatterers realignment 


1. Rotation of the model along the trajectory: The model is rotated along the 
trajectory by means of the rotation matrix R, as follows: 


Cr = R, E Cn 


R, — R, - R, - Rọ (2.52) 


where C, is the matrix of dimensions 3 x Ky describing the coordinates of the 
model; R, R, and Rẹ are the yaw, pitch and roll rotation matrices, respectively. 
Finally, C,, is the matrix representing the 3D coordinates of the model after being 
rotated. 

2. Image plane rotation: The reconstructed target is rotated in order to have the 
image plane coincident with the horizontal plane. This can be done by remapping 
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Figure 2.6 Performance analysis flowchart 
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the coordinates of the reconstructed target from the reference system Ty to the 
reference system Tz, as defined in (2.27). 


2.3.2 Soft assignment 


The adopted soft assignment method is based on a probabilistic least squares approach 
[26,27]. A soft assignment procedure associates each model scatterers to each recon- 
structed scatterers. Each of these assignments is weighted by a coefficient that is 
defined as a probability. In fact, the sum of all possible assignments for a given 
scatterer adds to the unity. Thus, the optimization problem can be expressed as 


& = arg{min{J(@)}} (2.53) 
where 
Ky K 
Jæ) =Y Y ace pbk (2.54) 
i=l k=1 


is the cost function; K is the number of the extracted scattering centres, Ky is the 
number of scatterers which composes the target model and e; is the distance between 
the ith scatterer of the model and the kth scatterer of the reconstructed target; œ is the 
matrix of dimensions Ky x K containing the soft assignments: 


1,1 mee Q1, K 
(2.55) 


XKu,l `° QKy,K 


Each element of the matrix œ; represents the probability that the kth extracted 
scatterer belongs to the ith model’s scatterer and is expressed as follows: 


-1 
T 
(eleix) 


Qik = -ko;, KT 


Dpr (elasva) ote 
KM aj, = 1 Wk =1,...,K 


Finally, each extracted scatterer is assigned to the model’s scatterer with the 
highest a; x. 


2.3.3 Performance indicators 


Two different kinds of errors could affect the results: the assignment error and the 
scatterers height estimation error. 

The assignment error is related to the identification of unreliable assignments 
and, therefore, it allows for an accurate evaluation of the scatterers’ height estimation 
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error. An unreliable assignment is declared when a scatterer’s height error €; is greater 
than a fixed threshold A, which is expressed as follows: 


A= Ale) +7 oa (2.57) 


where A,[-] indicates the expectation operator calculated by considering S Monte 
Carlo runs of the simulation and €;(s) is defined as follows: 


1 K 
Ex(s) = o elk, s) (2.58) 
k=1 


The height error ofthe single kth scatterer ofthe sth Monte Carlo step is defined as 
€n(k, s) = lhn (Kk, s) a h,(k,s)| (2.59) 


where h,,(k, s) and h,(k,s) are the heights with respect to the image plane referring 
to the model and to the reconstructed target, respectively. The parameter o,, is the 
standard deviation of €, and y € R is a parameter that can vary to empirically adjust 
the threshold A. Simulations with different values of y have demonstrated that this 
parameter does not affect the final result. 

The scatterers’ height estimation error is then computed using the same procedure, 
after having discarded all the unreliable assignments. 

Finally, the error on the estimates of the angle ¢ and the effective rotation vector 
ex are calculated by using the expectation operator as follows: 


TE 
Aleo = 5 ea) (2.60) 
s=1 
and 
iS 
Alel = 5 D2 e) (2.61) 
s=1 
where €9(s) and €g(s) are defined as follows: 
eals) = |Qep(s) — Repl (2.62) 
€4(8) = |d(s) — $| (2.63) 


where Qey and ¢ are a priori known. 


2.4 Results 


2.4.1 Simulated results 


The analysis of simulated data aims at testing the effectiveness of the 3D reconstruc- 
tion algorithm. In particular, we tested the algorithm performance for three different 
baseline lengths with the increasing of the SNR. It is worth pointing out that Gaussian 
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noise has been added to the raw data in order to have the selected SNR (in the data 
domain). Two tests have been run, either in the presence or in the absence of unreliable 
assignments. 

The target is assumed to be a rigid body moving in a rectilinear trajectory (defined 
by roll, pitch and yaw directions) with respect to the radar LoS. The target resembles 
the shape of a boat and it is composed of Ky = 36 ideal scatterers. 

In this simulation, perfect motion compensation has been applied. The target is 
in a non-squinted configuration and the performance analysis is carried out with the 
increase of the baseline length and SNR. The target motion is characterized by its 
own motion components. 

The target is shown in Figure 2.7. For a clearer and simpler visualization, their 
principal axes coincide with the X—-Y—Z Cartesian coordinates. 

The threshold A selected for both the simulations has been tested by varying 
the parameter y. Results do not show significant variations. Table 2.1 shows the 
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Figure 2.7 Model targets composed of ideal point-like scatterers. (a) target from a 
3D view; (b) target projected onto X—Y, X-Z and Y-Z planes 
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parameters used in the simulation. The backscattered signal is simulated by using 
a stepped frequency continuous waveform and its characteristics are described in 
Table 2.1. 

The final result obtained with a SVR = —10 dB is shown in Figures 2.8 and 2.9, 
where the reconstructed targets are superimposed onto the models. 

Figures 2.10 and 2.11 show the behaviour of the height error and the standard 
deviation of the height error as the SNR and the baseline length change. The height 
error and the standard deviation of the height error are expressed in metres. Both 
the performance indicators are shown with and without unreliable assignments. The 
baseline lengths are chosen in order to avoid the ambiguity of the interferometric 
phases. Short baselines produce larger phase error measurement and, therefore, larger 
height estimation errors occur. On the other hand, as the baseline length exceeds the 
upper bound of the ambiguity of the interferometric phases, the height error tends to 
increase since the target is not contained in the unambiguous window. 

Figure 2.12 depicts the height error E[€,,(k)] calculated by preserving the positive 
or negative sign of e, when unreliable assignments are discarded. It can be noted that 
the estimator is unbiased. 


Table 2.1 Parameters of simulation 


Number of freq. 256 y 1.2 
Radar sweeps 128 Target position [0, 10,0] km 
Bandwidth 300 MHz Target velocity 10 m/s 
Carrier freq. 10 GHz Roll/pitch/yaw  0°/0°/60° 
Tobs 0.8 s Baselines [1,3,5] m 

o Model 


* Reconstructed target 
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Figure 2.8 Results of the target reconstruction 
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Figure 2.10 Height error — boat: (a) height error with unreliable assignments and 
(b) height error without unreliable assignments 


The same descendant pattern can be observed in Figures 2.13—2.16, where the 
mean error and the standard deviation of the estimates of Qy and ¢ are depicted 


when unreliable assignments are discarded. 
It can be observed that this pattern changes in the case of a baseline length equal 


to 5. This is because the baseline length exceeds the unambiguous window of the 


interferometric phase. 
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Figure 2.11 Standard deviation of the height error — boat: (a) standard deviation 
of the height error with unreliable assignments and (b) standard 
deviation of the height error without unreliable assignments 
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Figure 2.12 Signed error without unreliable assignments 


It is worth pointing out that, when the unreliable assignments are discarded, the 
values of the height error and the standard deviation decrease significantly. Further- 
more, in this case, the curves follow a decreasing trend as the SNR increases and as 
the baseline length increases, accordingly with the theory. Thus, it can be deducted 
that the correct identification of the unreliable assignments, and consequently the 
choice of an appropriate threshold, is fundamental in order to obtain reliable results. 
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Figure 2.14 Standard deviation of the estimate of Qep 
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Figure 2.15 Mean error of the estimate of 6 


T 
—e-— Baseline length = 1 [m] 
18 F i : i ; - § - Baseline length = 3 [m] 
‘-O- Baseline length = 5 [m] 


[Degree] 
S 


SNR [dB] 


Figure 2.16 Standard deviation of the estimate of ọ 
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2.4.2 Experimental results 


An acquisition campaign was carried out at the beginning of October 2014 at 
the Institute ‘G. Vallauri’ in Livorno, Italy, in occasion of the NATO SET-196 
Joint Trials. The goal of these Joint Trials is to prove the effectiveness of multi- 
static/multichannel radar imaging systems. In particular, the real data presented in 
this chapter were collected by means of a X-band interferometric ground-based linear 
frequency modulated continuous wave radar, namely PIRAD, designed and devel- 
oped with the collaboration of RaSS laboratory of CNIT and University of Pisa. 
PIRAD was aiming at the sea region in front of the site and Figure 2.17 shows 
the acquisition scenario highlighting the location of the radar and the surveillance 
area. 

A picture of such system is shown in Figure 2.18. The specifications of the PIRAD 
transceiver are summarized in Table 2.2. 

The acquisition parameters are listed in Table 2.3. 

The RD map is obtained by processing T,,, = 1 s of data. Two vessels were 
moving during the acquisition and one sailing ship was stationary. The targets are 
shown in Figure 2.19 and their brief description is in Table 2.4. 

Some numerical results are shown in Table 2.5. The targets can be seen in the 
RD map in Figure 2.20: target A at around 1,350 m of distance and positive radial 
speed, target B at around 600 m and negative radial speed and target C stationary 
(only motion due to the sea state) at around 600 m. The ISAR images of the selected 
targets, before and after the motion compensation, are shown in Figure 2.21(a) and 
(b), Figure 2.22(a) and (b), Figure 2.23(a) and (b) for target A, B and C, respectively. 


700 m 


Figure 2.17 Acquisition scenario 


(b) 


Figure 2.18 PIRAD system: (a) frame of the antennas and (b) cabinet and frame 
installed on a lifting structure 


Table 2.2 Radar transceiver specifications 


TX power Up to 33 dBm Operative frequency 10.55 + 10.85 GHz 


Chirp rate Up to 1.5 THz/s Dynamic range —132 + —38 dBm 
Noise figure 4.2 dB SFDR 65 dBc 

System losses 8 dB Receiver gain 29 dB 

Sampling freq. 12.5 MHz ADC resolution 14 bit 


Table 2.3 PIRAD’s acquisition 


parameters 
TX power 33 dBm 
Bandwidth 300 MHz 
PRF 1,000 Hz 
T, obs ls 
Range resol. 0.5m 
Baselines H: 0.41 m 


Figure 2.19 Targets for the trial with PIRAD: (a) target A: Astice, (b) target B: 
MBN and (c) target C: sailing ship 
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Table 2.4 Targets 


Target A Astice Target B 
Length 33.25 m Length 
Width 6.47 m Width 
Height = Height 


MBN 

8.50 m 
2.30 m 
1.75 m 


Table 2.5 Numerical results for trial with PIRAD 


Target A 

Ro 1,324m 

Length 19.4147 m 

Height 6.2310 m 

Qef 0.0452 rad/s 
43.0559° 

A —2.6135 m/s 

a, 0.0206 m/s? 


1,400 


1,200 


1,000 § 


Range [m] 


800 
600 eee 


400 & 


Figure 2.20 Range-Doppler map 


B 


567 m 
7.6586 m 
1.5500 m 
0.1810 rad/s 
4.8931° 
3.5159 m/s 
0.0189 m/s? 


Speed [m/s] 


Target C 
Length 
Width 
Height 


Sailing ship 
13.2 m 


13m 


C 

3,065 m 
11.7928 m 
12.8190 m 
0.0290 rad/s 
89.4960° 
0.3520 m/s 
0.0448 m/s? 


The 3D reconstruction results are shown in Figures 2.24, 2.25 and 2.26. It should 
be noticed that the size of all of the targets under test match the actual ones except for 
the target A. This is because the MC-CLEAN cannot extract some scatterer, in partic- 
ular the weak scatterers on the bow. In fact, it is possible to see that in Figure 2.24(a), 
the scatterers in the pow are missing. This fact underestimates the measure of the 


Range [m] 
Range [m] 
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(a) Doppler speed [m/s] (b) Cross range [m] 


Figure 2.21 ISAR results for target A: (a) crop of the RD map and (b) ISAR image 
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Figure 2.22 ISAR results for target B: (a) crop of the RD map and (b) ISAR image 
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Figure 2.23 ISAR results for target C: (a) crop of the RD map and (b) ISAR image 
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Figure 2.24 3D reconstruction results for target A: (a) range-height plane, 
(b) range-crossrange plane and (c) height-crossrange plane 


(b) 


Figure 2.25 3D reconstruction results for target B: (a) range-height plane, 
(b) range-crossrange plane and (c) height-crossrange plane 
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Figure 2.26 3D reconstruction results for target C: (a) range-height plane, 
(b) height-crossrange plane and (c) range-crossrange plane 


vessel’s length. For the target C, it is very interesting how the estimate of the IPP 
corresponds to a side view. This is confirmed by the estimate of the angle ¢ that is 
equal to 89°. This result matches with the ISAR image of target C since the two masts 
are visible in the Doppler direction. 


2.5 Conclusion 


In this chapter, an interferometric approach for a multichannel ISAR system for 
the reconstruction of non-cooperative moving targets has been described. First, the 
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multichannel received signal model has been defined and the 3D InISAR processing 
has been introduced. 3D InISAR processing allows for the estimate of the height of 
the dominant scatterers and the estimate of the IPP as well. The phase differences 
between the signal received from different channels are exploited with an interfero- 
metric approach to provide information on the height of the scatterers. An approach 
for selecting these dominant scatterers has been described. Such technique, namely 
MC-CLEAN, is based on a iterative estimate of the PSF of the dominant scatterer 
which is removed from the ISAR image at each step. Finally, both simulated and real 
dataset have been used to carry out a performance analysis and to test the effectiveness 
of this 3D reconstruction processing. Simulation results have shown that the algorithm 
achieves better results when both the SNR and the baseline lengths are increased. This 
is consistent with the theory. Real data analysis exploiting a multichannel dataset pro- 
vided within the activities of the NATO SET-196 has been performed. Results have 
demonstrated the effectiveness of the proposed processing chain and its applicability 
in real systems for surveillance purposes. 
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Chapter 3 
STAP-ISAR 


Samuele Gelli!, Alessio Bacci! and Marco Martorella!? 


The aim of this chapter is to develop a processing chain that exploits multichannel 
information provided by a multichannel synthetic aperture radar (SAR) system to 
obtain high-resolution images of noncooperative moving target within SAR images. 
There are two steps of the proposed processing chain. Clutter suppression and platform 
motion compensation are first performed through the space-time adaptive processing 
(STAP) processing by exploiting the multichannel information in order to improve 
target detection capability within SAR image. At this point, inverse synthetic aperture 
radar (ISAR) autofocusing is required in order to compensate the residual target own 
motion and to reduce the defocusing effect due to that unknown motion component. 
The study of moving target detector (MTD)/Moving Target Indicator (MTI) techniques 
and the development of clutter mitigation algorithms are the aims of this chapter 
together with the study of the applicability of ISAR processing to refocus moving 
target detected within SAR images. The integration of the proposed algorithms with 
ISAR techniques leads to the final processing chain. All the developed techniques are 
tested on simulated and real dataset. 


3.1 Mathematical background 


This section focuses on the definition of the signal and the clutter model exploited in 
this chapter. First, the attention on the monostatic multichannel ISAR signal model 
leading to the formulation of a multichannel version of the range—Doppler image 
formation technique will be paid. High-resolution imaging of noncooperative moving 
targets is also treated. A solution based on the application of the ISAR processing is 
described. Finally, the monostatic and bistatic clutter model is provided and the spatial 
and temporal decorrelation effects induced by the bistatic geometry that degrades the 
STAP performance in clutter suppression is analyzed. 
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Figure 3.1 Multichannel ISAR geometry 


3.1.1 Multichannel ISAR signal model 


The introduced multichannel ISAR signal model is a generalization of the model 
present in [1], in which the configuration with two orthogonal baselines is presented. 
Consider the geometry shown in Figure 3.1 where a two-dimensional array illumi- 
nates a noncooperative moving target. The bidimensional array can be installed on 
an airborne or spaceborne platform that moves along a trajectory. The center of the 
reference system T; is placed in the phase center of the transmitter. The reference 
system 7; is oriented so that the axes & are parallel to the radar line of sight (LoS) 
while £ and é; correspond to the horizontal and the vertical baseline, respectively. As 
stated in [2], the target motion can be seen as the superimposition of the translational 
motion of the reference point Ro(t) and the rotational motion denoted by the rotation 
vector Q27(t) applied to the reference point. The projection of Q7(f) on the plane 
orthogonal to the LoS is the effective rotation vector Qep (t). The reference system T, 
is embedded in the target with the axes x2 oriented along the LoS and the axes x3 ori- 
ented along Qey (t). The reference system T, is embedded on the target, its orientation 
is fixed and coincides with T, for t = 0. The angle a is the angle between é; and x3. 

In the considered configuration, all the antennas are both transmitter and receiver. 
It has been demonstrated in [3] that if only one antenna acts as a transmitter and all the 
others are receivers, an equivalent monostatic configuration for each bistatic couple 
of transmitter and receiver can be considered. 

Assuming that the inter-element spacing d is the same in both the dimensions, 
the couple (p, q) denotes the array elements placed in £; = pd and & = qd where p = 
—(P/2),...,(P/2) — 1 and q = —(Q/2),...,(Q/2) — 1 are the indexes that identify 
the element position in the array. 

As in monostatic ISAR where a single transmitter/receiver embedded in the cen- 
ter of the reference system Ts is considered and assuming the straight iso range 
approximation holds [2], the phase of the received signal can be written as follows: 

oy.tf) = WS R(t) +y ist) (3.1) 


Cc 
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where Ro(f) is the distance between the radar and the reference point on the target at 
the time ¢, y is the scatter position in the T, reference system and iz,s(t) is the unit 
vector in the direction of the LoS at time ¢. As a consequence, the received signal 
from the generic element (p, g) can be written as 


-janr fo] RY Dry iD | 
$ dy 


SEIF = wen [ore 62) 
y 


The rotation of T, of an angle 0 with respect to T; can be defined by a rotation 
matrix Mex: 


cosa 0 sing 
Mi = 0 1 0 (3.3) 


—sina 0 cosa 


By means of the rotation matrix M;,, the LoS unit vector LNO, expressed with 
respect to 7,, can be written as the normalized difference between the positions of 
each sensor and the origin of T,: 


—pd cosa — qd sina 
Ro(t) (3.4) 
pd sina — qd cosa 


1 
is © = Maxis. O = & 


where 


C = RAO + (pd)? + (qd)? ~ Rolf) G5) 


is the normalization factor. The approximation in the right-side term can be done 
because the radar target distance is much bigger than the distance between the generic 
array element and the array phase center. Moreover, Ro(t) ~ Ro(0) = Ro. As shown 
in [2], the position of a scatter in the T, reference system can be approximated as in 
the following equation: 


x(t) =a+b+et=y+et (3.6) 


where a = ((Qr - y)/Q5, )Qr,b=y— (2r- y)/Q5, )Qr,¢=Qr xy. 
As a consequence, the inner product in (3.2) can be expressed as follows (more 
details can be found in [4]): 


YIP = x(0) ALO) = KP? + KP 8.7) 
where 
KË? = y, — BLP cosa + qsina) + y; (q cosa — psina)] 
KE? = o = flep cosa + qsina) + c3 (q cosa — psina)] Pa 


in which, from [4,5], c2 = Qeyy1. 
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The ISAR PSF relative to a single scatterer located at y at the channel (p, q) can 
be obtained after a 2D-IFT of the compensated signal and can then be expressed as 


; as (p.q) 
1D, v) = B- Tiy oy, y®). drale”) 


2 2 
x sine| Ta» + Apea) | ; sinc] B( = “Ke” | (3.9) 
c c 


It is worth highlighting that under the assumption of array size much smaller 
than radar-target distance, the Ky and K, terms within the sinc functions can be 
approximated as 


KP? =y» 
(3.10) 
KP = cy = Qegy 


It is obvious that the model presented so far for 2D array is still valid for linear arrays. 
In particular, this section focuses on a system with a linear array, which is the case 
for q = 0. 

In order to obtain an image by processing the images of all the P channels, those 
images should be summed. The sum can be done only if all the Ps are in phase, 
i.e., coherent sum. It is worth pointing out that since the focusing is performed with 
respect to a single focusing point, the P images are in phase only for this point. So, 
in order for the sum to be coherent, a bound for the phase difference among the other 
points of the images should be evaluated in order to find a condition to meet for 
coherently sum the images. This condition can be found by imposing an upper bound 
to the maximum phase difference among the images as 


4 d 
F P- Dg cosa —yssina) < g 611) 
That leads to 
AR 
D i (3.12) 


aye 
Y ~ 32y; cosa — y; sin q) 


where (yı cosa — y3 sina) is the target size in the £, dimension. It is quite clear that 
this condition depends on the array size and the target size along the direction parallel 
to the array. It is worth pointing out that this method can still be applied when the 
target size along &, dimension is bigger than the bound expressed in (3.12). In this 
case, the whole region must be split into smaller regions (with dimension lower than 
the bound in (3.12)) and the focusing applied on each of this region. In order to better 
understand the distortions introduced when the requirement in (3.12) is not met, a 
closed form of the attenuation term can be evaluated. 
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Consider the summation along the p channels so that the resulting image can be 
expressed as 


(P/2)-1 
T0192) = > Poy) 
p=—(P/2) 
(P/2)-1 
= 10, y2) ss ei (4x ANAR yp 
p=—(P/2) 
P-1 
= IO (y1, yjetiGr/ Pv /2Ro) > el (4x PAAR Wip (3.13) 
p=0 


In order to simplify the notation, it has been considered the case in which «œ = 0. 
After some mathematical manipulations, (3.13) becomes 

; sin(27dy,P/XAR 
The term J(1) = (sin (2x dyıP/ARo)/sin (27 dyı/ARo)) produces a distortion in the 
amplitude of the image due to the fact that for cross-range region far away from the 
focusing point, the p images do not sum coherently as explained earlier. In order to 
evaluate the attenuation introduced by the noncoherent summation along the channel 
dimension, the term J (yı) can be evaluated. In Figure 3.2, the attenuation term J (y1) 
is shown for the radar center-scene distance, Rọ = 5 km, a carrier frequency, fo = 
10 GHz, and an interelement distance obtained imposing the condition in (3.12) with 
yı = 100 m so that 


PA ARo 
~ 32y (P — 1) 


As it can be noted, the condition in (3.12) is very restrictive leading to a loss of 0.2 dB 
within a distance of 100 m from the focusing point. 


(3.15) 


3.1.2 High-resolution imaging of noncooperative moving targets 


High-resolution imaging of noncooperative moving targets in single channel SAR 
images is the aim of this section. A solution based on ISAR processing is introduced 
with a description of the ISAR image formation process. 

In a typical SAR scenario, the radar moves along a trajectory that can be consid- 
ered a-priori known and the observed area is assumed static or quasi-static. In this case, 
the perfect motion compensation due to the perfect knowledge of the geometry results 
in a coherent processing of the received signal producing a high-resolution imaging 
of the observed scene. A noncooperative moving target present in the observed area 
appear blurred and misplaced in the SAR image due to the lack of the relative motion 
compensation between the radar platform and the moving target [2,6]. Many tech- 
niques [7—10] have been proposed in the literature to compensate the phase difference 
between the platform and the moving target. Some of these are based on the restrictive 
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Figure 3.2 Attenuation factor. (a) Attenuation factor introduced by the non 
coherent summation along the channel dimension. (b) Zoom of the 
attenuation factor for a cross-range region of 100 m far away from the 
focusing point. A loss of 0.2 dB occurs within a distance of 100 m from 
the focusing point 


assumption that moves along rectilinear trajectories or require some multiple promi- 
nent scatters on the target could be rather complex. ISAR processing offers another 
way to look into the problem of high-resolution imaging of noncooperative moving 
targets. Typically, in ISAR processing, the radar is assumed fixed on the ground and 
target motion is exploited to form the synthetic aperture obtaining a high cross-range 
resolution image [6]. In this case, any prior knowledge about the target or the geom- 
etry is not needed since the relative motion between the radar and the moving target 
is properly estimated and compensated during the image formation process. In recent 
years, a solution based on ISAR processing has been applied to refocus moving targets 
in SAR image both for monostatic and bistatic configurations [11,12]. In Figure 3.3, 


SAR image 
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Figure 3.3 Block scheme of detection and refocusing processor 


Target 
detection 


a functional block processing, referred to as ISAR from SAR, is depicted and is 
composed by the following main steps: 


Target detection: It is clear that in order to refocus moving target, the target must 
be first detected. Different from maritime application where the clutter return is 
lower compared to the target return, this step can be critical in the case of ground 
target due to both strong ground clutter return and because the unknown target 
motion leads to a target energy dispersion over wide region. 

Subimage selection: After target detection step, each detected target must be 
cropped and separated from the clutter and other targets contribution. This is a 
mandatory step since each target has its own translational and rotational motions 
and ISAR processing can estimate motion parameters only one target at time. A 
number of subimages equal to the number of detected targets are then obtained. 
Subimage inversion: Since ISAR processing considers raw data as input, an 
inversion from the image domain to the data domain is needed. It is worth pointing 
out that the raw data obtained from the inversion of the whole SAR image are not 
suitable for ISAR processing due to the fact that each target has its own motions. 
Different types of image inversion algorithms can be used depending on the image 
formation algorithm used to form the SAR image. 

If the straight iso-range approximation holds true, the total aspect angle 
variation is not too large and the effective rotation vector is approximately con- 
stant during the observation time. The polar grid, in which the received signal 
is defined, can be well approximated with a regular sampled rectangular grid. 
Under this approximation, the image can be reconstructed by a bidimensional 
fast Fourier transform (2D-FFT) through the conventional range—Doppler algo- 
rithm. In this case, the suitable inversion algorithm, call inverse range—Doppler, 
consists of a bidimensional inverse Fourier transform usually implemented by 
means of inverse 2D-IFFT. 

Thanks to the development in the digital signal processing capabilities, more 
accurate image reconstruction algorithm has been recently proposed. These algo- 
rithms, such as Omega-k also called range migration algorithm [13], range 
stacking [14] or time domain correlation [15], do not require the straight iso- 
range approximation but perform a wavefront reconstruction through a matched 
filter (MF). 


54 Multidimensional radar imaging 


e ISAR processing: After obtaining raw data from each selected subimage, ISAR 
processing can be applied in order to perform the motion compensation and the 
image formation. It is worth pointing out that the motion of the radar platform has 
already been compensated during the SAR image formation processing. There- 
fore, only the relative motion between radar platform and noncooperative moving 
target must be taken into account at the entry of the ISAR processing. 

Details about ISAR processing will be given in the next section. 


3.1.2.1 ISAR processing 


The main steps of the ISAR processing starting after subimage inversion step that 
allows to obtain a well-refocused image of noncooperative moving target starting 
from SAR image are shown in Figure 3.4 and are briefly recalled in this section: 


Motion compensation 
Time window selection 
Image formation 
Cross-range scaling 


Motion compensation 

The motion compensation technique (also called autofocusing technique) proposed 
here is known as image contrast (IC)-based autofocus (ICBA) algorithm and aims to 
estimate and compensate target own motions [16]. ICBA is a parametric autofocusing 
technique based on IC maximization. 

Briefly, in the ICBA algorithm, the motion compensation problem, i.e., the esti- 
mation and the suppression of the term Ro(t), can then be seen as an optimization 
problem where the IC is maximized with respect to an unknown vector that contains 
the motion parameters of the target. More details can be found in [16]. 


Time window selection 
As previously shown, the RD algorithm can be applied when the effective target 
rotation vector is approximately constant during the observation time and when the 
total aspect angle variation is small. However, in some cases, this approximation does 
not hold true, for example, in the case of maneuvering target in which the aspect 
angle variation during the coherent processing interval (CPI) could be too large to 
apply properly the RD algorithm. A viable solution is to consider a temporal window 
along the CPI in which the aspect angle variation is not too large and the RD image 
formation processing can be applied properly. 

In [17], a solution for time window selection is proposed. In particular, the length 
and the position of the window are chosen in order to obtain an image with the highest 
focus. The criterion used to define the highest focus is based on the IC. 
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data image 
Motion Time window Image Cross-range 
compensation selection formation scaling 


Figure 3.4 Block scheme of the ISAR processing 


STAP-ISAR 55 


Image formation 

The image formation process is based on the RD algorithm. The range—Doppler 
processing can be applied in the case in which the total aspect angle variation is small 
and the effective rotation vector of the target can be considered constant. Under these 
hypotheses, the polar grid in the spatial frequency domain where the received signal 
is defined can be well approximated with a regular sampled rectangular grid. The 
spatial frequencies can be assumed as independent variables and the bidimensional 
inverse FFT can be used to reconstruct ISAR image, I(t, v), as follow: 


I(t, v) = 2D — IFFT [Sr cf, t] (3.16) 
where Src(f, t) is the received signal after motion compensation. 


Cross-range scaling 

After the RD image formation process, ISAR image in the time delay Doppler domain 
can be obtained, i.e., I(t, v). In order to determine the size of the target, it is prefer- 
able to have fully scaled image, i.e., an image in the range cross-range domain. As 
explained in [6], the scaling from time delay domain to range domain is quite straight- 
forward since it can be performed with the known relationship y2 = ct /2 while the 
cross-range scaling requires the effective rotation vector of the target Qey, that is not 
a priori known. 

To solve this inconvenience, an algorithm has been recently proposed [18]. It 
is possible to demonstrate that when the target rotation vector can be considered 
constant during the observation time, the chirp rate produced by the scatters on the 
target can be related to the effective rotation vector. Therefore, it is possible to say 
that the scatters on the target carry information about the effective rotation vector. In 
conclusion, a number of scatters can be extracted from ISAR image and then an equal 
number of chirp rate estimates can be produced. Therefore, the problem of estimating 
the modulus of the effective rotation vector can be solved by exploiting the chirp rate 
estimations. 


3.1.3 Clutter model 


As from [19], conventional STAP techniques derive data depending on weight by cal- 
culation applied to a set of training data. Thanks to the estimation of clutter plus noise 
covariance matrix that includes the local clutter spectral characteristics, a superior 
performance compared to the conventional MTI can be obtained. Many of the past 
studies employed the familiar independent and identically distributed (IID) assump- 
tion considering the same statistical clutter property of the cell under test for each 
training data. Under such a hypothesis [20], the estimation of the covariance matrix 
used in the classical sample matrix inversion (SMI) approach is a maximum likelihood 
estimate that asymptotically converges to the exact one as the number of training data 
increases. In this case, the convergence issue is only related to the number of training 
data and not to the interference scenario. This situation is equivalent to the homo- 
geneous clutter environment assumption which is, however, violated in some real 
scenario due to the heterogeneity of clutter that produces an alteration in covariance 
estimation, therefore, degrading STAP performance. 
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In general, the stationarity of training data is affected not only from clutter het- 
erogeneity but also from the acquisition geometry. From [21], it is possible to observe 
that clutter return exhibits a Doppler shift that varies with the platform velocity as well 
as the direction and the width of the antenna beam. As a consequence, the acquisition 
geometry influences the clutter response at a given range cell and then the clutter 
angle/Doppler behavior shows some degrees of variation along the range dimension. 
Clutter range dependence breaks the IID assumption due to the fact that each training 
data shares a different covariance matrix producing a strong degradation of the STAP 
performance. Range dependence appears most severe in bistatic configurations [21]. 
A composite model that includes clutter heterogeneity which allows for amplitude 
and spectral fluctuation is considered in [22]. These models do not take into account 
temporal and spatial decorrelation effects introduced by the particular configuration 
used in the data acquisitions. These effects are considered in this subsection. 

First of all, a statistical model for a covariance matrix for homogeneous 
environment and monostatic configuration is addressed. 

The observation of the Earth’s surface by a linear array gives rise to a particular 
temporal and spatial correlation between samples of the signal received from different 
antenna elements at different times, due to the fact that platform is moving. Temporal 
correlation is a pulse-to-pulse correlation that can be expected when a single channel 
observes a particular range cell at different time instants due to the changing of clutter 
characteristics in time while spatial correlation may be expected when two or more 
channels observe a scene at the same time instant. Under such considerations, the 
correlation between samples received from different antenna elements at different 
times can be expressed as [23] 


R, = E{u(k,n)u* (i, m)} = P.p,[(m — n)TR] ps [(k — idd + (m — n)vTR] 
(3.17) 


where u(k,n) and u(i,m) represent the received signal from the Ath antenna chan- 
nel at nth transmitted pulse and from ith antenna channel at mth transmitted pulse, 
respectively, while P represents the received signal power, d is the distance between 
the antenna elements and v represent the platform velocity. The temporal and the spa- 
tial correlation coefficients, o,(A,) and p,(A,), are typically considered as Gaussian 
coefficients [23]. It is worth pointing out that (3.17) cannot be considered as a cas- 
cade of single space and time correlation. This, therefore, makes it a bidemensional 
processing. 

It is also worth pointing out that the correlation model in (3.17) has been obtained 
by assuming that the values of the backscattering coefficient corresponding to a 
different range of cell positions are statistically independent, whereas the values cor- 
responding to the same cell position in different time instants are correlated by an 
amount depending on the time fluctuation of the surface. Another relevant assump- 
tion of this model is to consider a surface backscattering coefficient with constant 
statistical parameters, which is assuming the surface as homogeneous. 

It is clear that this model does not take into account any type clutter heterogeneity 
and any distortion induced by the acquisition geometry. In Figure 3.5, an example 
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Figure 3.5 Monostatic homogeneous clutter angle/Doppler trajectories (dB scale) 
(a) range bin 1, (b) range bin 2, (c) range bin 3, (d) range bin 4 


of the clutter ridge in the angle/Doppler plane is shown for four different range bins. 
The clutter has been generated exploiting the covariance matrix model previously 
described and the effects due to heterogeneity of the scene are not taken into account. 
From this figure, it is possible to see the classical two-dimensional clutter “ridge” due 
to the multichannel system. It can also be observed that the clutter is range independent 
since the clutter angle/Doppler trajectories are the same for different range cells. 
Bistatic geometry is in general more complex than monostatic. For a monostatic 
system, the clutter Doppler shift in a particular range cell varies with the look angle 
due to the platform motion resulting in the well-known clutter angle/Doppler ridge. 
In the case where transmitter and receiver are not collocated, the Doppler shift of 
clutter on the receiver still varies with the direction of arrival (DoA); however, in the 
case in which the transmitter and the receiver have different velocities, an additional 
Doppler shift will be expected. Moreover, in bistatic configurations, the transmitter 
and the receiver antenna beam pattern cannot be completely superimposed and then a 
new spatial decorrelation term must be taken into account. This term will depend on 
the range distance between the antenna patterns introducing a range dependence in 
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the receiver clutter Doppler frequency. Under such considerations, a different model 
of the correlation function can be defined [12]: 


R. = E{u(k,n)u*(i,m)} 
= P.p,(Kp(m — n)Tp) 
x ps((k — i)d + Kp(m — n)VTR) bbs (Mra. — Ny, AT) (3.18) 


where the symbol x indicates the multiplication operator, Kp represents the addi- 
tional Doppler shift depending on the relative motion between the transmitter and the 
receiver while n,,, and n,,. are the transmitter and the receiver range cell position, 
respectively, defined by antenna beam patterns. The range cell index is related to the 
range cell position r’ through the relation 7’ = n,Ar where Ar = c/2B cos 6 and £ 
represents the bistatic angle. 

In order to better examine the effects introduced by the bistatic configuration, 
the relation between the Doppler frequency and the DoA of the received signal and 
the clutter behavior in the angle/Doppler plane will be considered. In the monostatic 
sidelooking case, the Doppler frequency linearly depends on the DoA which leads to 
the bidimensional clutter ridge in angle/Doppler plane. The relationship is shown in 
the following equation: 

f= a sin 0 (3.19) 
where @ represents the DoA and v, is the platform velocity. The relation can be 
normalized with respect to the pulse repetition frequency (PRF) and spacing between 
antennas as shown in the following equation: 


ee fd 
Pips 25T (5 c0s0) = 10 (3.20) 


where 0 represents the DoA and v, is the platform velocity. In the bistatic case, the 
Doppler frequency is not a simple harmonic oscillation but it is a superimposition of 
the transmitter and the receiver terms: 


DES d A d 
Fp, = Vrn Tr (£ cos n: ) + Yre T, (£ cos: ) 


d d 
= UKOT + Ur Or (3.21) 


In the case in which the transmitter and the receiver have different velocities, v,,. A 
Vr,» and the beam patterns are steered to the same observed area, Ory ~% Og, = 0, an 
additional Doppler shift can be expected. This effect results in a changing of clutter 
angle/Doppler slope, as reported in the following equation: 


Ver d Vis d 
Fy, = *m1,($ c0s6) + en(g cos0 ) 
= (Un + Ur) Or: (3.22) 


Through (3.18), it is possible to include this effect in the angle/Doppler plane, as can 
be seen from Figure 3.6. In this figure, the bidimensional clutter ridge is relative to 
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Figure 3.6 Temporal decorrelation effect in bistatic clutter angle/Doppler 
trajectories (dB scale): (a) clutter slope variation in angle/Doppler 
plane, (b) Kp = 1, (c) Kp = 0.5 and (d) Kp = 0.1 


the same range cell and is obtained for a different value of the Doppler shift term 
Kp. The case in which the transmitter and the receiver fly at the same velocities, 
Ven © Vip, = Vr, but observe two partially different areas, Ory A Orx, is reported in 
the following equation: 


7 v d v d 
Fos = rn cosøn ) + “n(¢ costs) 
= UR OT + HUROR (3.23) 


In this case, the effect results in a particular clutter ridge shift by a quantity of 
URxOrx. From (3.18), it is possible to observe that the new spatial correlation term 
corresponds to a simple shift in the angle/Doppler domain depending on the range 
distance between antenna patterns. Clutter range dependence can be seen from Figure 
3.7 where the clutter angle/Doppler trajectories are reported for different range of 
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Figure 3.7 Spatial decorrelation effect in bistatic clutter angle/Doppler 
trajectories (dB scale): (a) clutter ridge shift in angle/Doppler plane, 
(b) range bin 1, (c) range bin 2 and (d) range bin 3 


cells. It is worth pointing out that the received signal from stationary clutter can be 
completely described from its own clutter covariance matrix, as previously described. 
The introduced covariance clutter model does not claim to describe the physical reality 
in its completeness, for example, the described model does not take into account the 
difference in platform heights. The aim of this model is to show that, in addition to 
the heterogeneity of the environment, clutter non-stationarity is also caused by the 
acquisition geometry. 


3.2 Space-time adaptive processing for clutter suppression 
In this section, a modified version of conventional STAP processing termed space 


Doppler adaptive processing (SDAP) is presented. A technique that combined clut- 
ter suppression and ISAR processing to obtain high-resolution image of extended 
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moving targets is investigated. The problem is addressed from an imaging point of 
view. Two principal issues are addressed. The applicability of ISAR processing after 
clutter mitigation and the need for suboptimum approach due to the difficulties in 
the estimation of the clutter covariance matrix. A modified version of SDAP process- 
ing, termed extended SDAP (E-SDAP), is proposed in order to take into account the 
distortion introduced by the bistatic configurations. Joint E-SDAP ISAR for bistatic 
clutter suppression and high-resolution imaging with its suboptimal approach are 
finally addressed. 


3.2.1 Joint SDAP ISAR 


In this section, a technique that combines clutter suppression and ISAR processing 
in order to obtain well-focused images of extended moving targets is investigated. 
The problem will be addressed from the imaging point of view. Two principal issues 
will be addressed. The applicability of ISAR processing after clutter mitigation first 
and then the need of suboptimal approach due to the difficulty in the estimation of 
the clutter space-time covariance matrix will be investigated. A modified version of 
the classical STAP, described in [19], is presented. This is derived from the range— 
Doppler image formation algorithm and works in the space Doppler domain. In the 
following, it will be addressed as SDAP. 

The theoretical formulation will be derived both for optimum and subopti- 
mum processing. It will be combined with the ISAR processing in order to obtain 
well-focused images of noncooperative moving targets embedded in strong clutter 
environments. 


3.2.1.1 Optimum processing 

Let us consider the same acquisition geometry shown in Figure 3.8 in which the 
radar system observes a moving target within a static background. The total Fourier 
transform of the received signal can be expressed as follows: 


SE, D = Sf, D+H SA, D + NF, t) (3.24) 


where S;(f,¢) is the contribution due to the moving target, Se(f,t) is the contribu- 
tion due to the static scene that in this case is considered clutter and N(f, t) is the 
additive noise. f € [fo — (B/2), fo + (B/2)] and t € [(—Toss/2), (Tovs/2)] denote the 
range frequency and the azimuth slow time, respectively. As shown in Section 3.1, 
the multichannel signal model can be easily obtained from the single channel model. 
The signal received relative to the target can be written as 


£ O) gO) 
Sf, E) = e It PRO Y ope erei] (3.25) 
k=l 


where the terms KP and K o ) are defined in (3.8). 

It is worth pointing out that for array size much smaller than the radar-target 
distance, the LoS is the same for each antenna element and the terms KP and KP’ 
can be approximated as in (3.10). 
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Figure 3.8 Acquisition geometry 


Under this assumption, the received signal relative to a moving target, Sy), and 
the static scene S.(f, t) can be expressed as 


K : 
Sern a er (3.26) 
k=1 
Sf, t = eI /A)Roc(t) I o1, ye I+ o]dy dy (3.27) 
(v1.92) 


where Ro,(t) denotes the position of the reference point on the target at the time t 
and takes into account the superimposition of the target own motion and the platform 
motion, & is the scatterer index, yP and yP denote the cross-range and the range 
coordinates of the kth scatterer and Qep, is the total rotation vector due to the platform 
and the target motion projected on a plane orthogonal to the LoS. 

These expressions are valid in case of straight iso-range approximation. It is 
worth pointing out that since the proposed SDAP is based on the range—Doppler 
image formation algorithm, the straight iso-range approximation is mandatory to 
apply this processing. 

High resolution in range dimension is obtained by transmitting wideband sig- 
nals and matched filtering the received signal. High resolution in azimuth can be 
obtained by applying the range—Doppler processing [4,6]. Considering S,(f, t), the 
signal received from a static scatterer placed in the generic position (y1, y2), the 
range—Doppler processing can be expressed as 


un(f.v) = FT ASS DSD} (3.28) 


where F'7,{} is the Fourier transform along the slow time dimension t. Equation (3.28) 
can be expressed in terms of convolution in the Doppler frequency domain as 


up(f, v) = Sr (fs —v) ® Sif, v) (3.29) 
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where 
Sf, v) = FTASY, t)} (3.30) 


and 


Serf”) = FT {Sree (f. D} (3.31) 


are the Fourier transformed received signal and reference signal along the slow time 
dimension, respectively. 

It is evident from (3.29) that the range—Doppler image formation processing, can 
be seen as a matched filtering in the frequency Doppler domain. 

This formulation can be easily extended to a discretized version of the sig- 
nal in which S(n, m) = S(nAf, mT). The indices n = [(—N/2),...,(N/2) — 1] and 
m = [(—M/2),...,(M/2) — 1] denote the discrete frequency and the pulse index, 
respectively, while ôf and Tg denote the frequency sampling step and the pulse repeti- 
tion interval, respectively. In this case, the range—Doppler image formation processing 
can be expressed as 


up(n, my) = DFT »{S,(n, mS$; (n, m)} (3.32) 


where m, denotes the Doppler frequency index, or in term of Doppler matched 
filtering as 


up(n, my) = S,(n, my) Qm, Sre (n, —My) (3.33) 
where 

S,(n,m,) = DFT,,{S,(n, m)} (3.34) 

S,e¢(n, my) = DFT n {Spe (n, m)} (3.35) 


and @,,, denotes the discrete convolution along the m, dimension and DFT,, is the 
discrete Fourier transform along the discretized slow time dimension. 

The matched filtering operation in (3.33) can be expressed in a vectorial form 
after defining the signal vector, i.e., S(7), and the reference vector, i.e., Gp(n, m,), as 


S(n) = [S(n, 0), S(n, 1),...,S(n,M — 1)]7 € C”! (3.36) 

Gp(n,m,) = [Sres (n, my), - - - x Sres (n, m, — (M — 1)" € CM! (3.37) 
so that 

up(n,m,) = G5 (n,m, )S(n) (3.38) 


This processing can be easily extended to the multichannel scenario. The formulation 
of the multichannel ranged Doppler can be expressed as 


P P 


up(n, m,) = >D upp(n, My) = 5 Š,p(n, mi) Bm, Sref p(M, —m,) (3.39) 


p=1 p=1 
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Equation (3.39) can be expressed in a vectorial form after performing a stacking 
operation first along the channel dimension (3.40) and (3.41) and along the Doppler 
frequency dimension (3.42) and (3.43) as 


= T- x a 
S(n,m,) = pO my), 52(n,m,), . . - ,Sp(n, m,)]? € CP”! (3.40) 


X Tx x S 
S,ep(n,m,) = p rea 0 m), Srop (1, Mv), <- Sres p(n, m,)]" € CPX! (8.41) 


S(n) = [S(n, 0), S(n, 1),...,8(n, M — 1)]7 € C™! (3.42) 

Gp(n, m,) = [Sree(1, my), -- . , Sre (n, my — (M — 1)" € C! (3.43) 
The output of the Doppler MF is then expressed as 

up(n, my) = Gp (n,m, )S(n) (3.44) 


It is worth highlighting that in order to apply this image formation processing, the 
straight iso-range approximation must hold true. Moreover, in order to properly obtain 
the multichannel image, the sum along the spatial dimension must be performed 
(Equation (3.39)). In order to avoid distortions in the resulting image, this must be 
a coherent sum leading to limitation in the array and in the imaging area size. These 
limitations have been analyzed in Section 3.1 deriving the condition that must be met 
to properly process multichannel data via range—Doppler-based processing expressed 
in (3.12). 

At this stage, to obtain the final image, a Fourier transform along the range 
frequency dimension is performed. 


Space Doppler adaptive processing—-ISAR 

Optimum SDAP involves the replacement of the space—Doppler reference vector 
with the weight vector that maximizes the output signal to interference plus noise 
ratio (SINR) as 


up(n, My) = Wi (n, m,)S(n) (3.45) 


The expression of the optimum filter can be defined through the SMI implementation 
[20], expressed as 


Wp(n,m,) = yR5iGp(n, m,) (3.46) 


where y is a scalar that does not affect the SINR at the output of the optimum filter 
and Rp, is the estimation of the interference cross-power spectral matrix Rp, and it 
is obtained by averaging along N, target-free range cells of training data as 
1 Nec! 
Rp. = a XO Z(n, )Z" (n,) € C (3.47) 


nr=0 


The vector Ž(n,) denotes the target-free data in the nth range cell in the space—Doppler 
frequency domain. 

It is worth pointing out that the optimum processing in (3.46) performs both 
clutter suppression and image formation by means of range—Doppler processing. 
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Figure 3.9 Optimum SDAP ISAR functional block 


In order to obtain a well-focused image of the noncooperative moving target, the 
reference vector Gp(n, m,) must compensate both platform and target own motion. 
Obviously, this is not a realistic situation since the target is noncooperative. So, a 
first motion compensation is performed in the SDAP processing considering only 
the known part of the relative radar target motion while high-resolution image of 
noncooperative target is obtained by applying the ISAR processing at the output of 
the SDAP. As stated before, ISAR processing must be applied separately at each target 
detected after clutter mitigation. 

The functional block is depicted in Figure 3.9. Another issue to be addressed 
concern the estimation of the clutter covariance matrix Rp.. As known from the 
Reed—Mallet-Brennan rule [20], in order to obtain an average performance loss of 
roughly 3 dB, a number of N, = 2MP target-free range cells are needed, while typical 
values of PRF = 1 kHz, T,,, = 1 s and P = 3, N, = 6,000 range cells are needed. 
Assuming a range resolution of 0.5 m, this results in an area of homogeneous clutter 
of 3 km in the range dimension. In the next section, a suboptimum approach to 
overcome this issue and reduce the dimensionality of the clutter covariance matrix 
will be presented. 


3.2.1.2 Suboptimum processing 


The reduction in the dimensionality of the cross-power spectral matrix can be obtained 
by splitting the filtering operation in (3.46) in sub-windows as shown in Figure 3.10. 
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Figure 3.10 Suboptimum optimum SDAP ISAR functional block 


This operation consists of splitting the Doppler dimension in sub-windows of length 
L and applying a reduced dimension SDAP in each subblock. The reduction in the 
dimensionality of the cross-power spectral matrix to be estimated is given by the 
length of the considered sub-window. It is worth pointing out that this windowing 
operation does not involve any losses if only the Doppler-matched filtering operation 
is performed, i.e., W(n, m,) = Gp(n, m,). However, when the clutter mitigation is 
performed and the weigh vector assumes the structure in (3.46), the windowing oper- 
ation involves an approximation in the considered cross-power spectral matrix, i.e., 
Rpew, With respect to the ideal one Rp,. This approximation consists of considering 
only a set of block of the overall cross-power spectral matrix aligned along the princi- 
pal diagonal as shown in Figure 3.11. This suboptimum processing can be formalized 
as follows. Let i denote the window index and L the window length. The output of 
the filtering operation in the ith sub-block is 


Up, (Nn, m,) = Wi An, m,)S(n) (3.48) 


where Wp,(n, m,) and §,(n) are the weight vector and the signal vector with respect 
to the ith block. The global output of the suboptimum SDAP filtering process is 


Upw(N, My) = È up;(n, my) (3.49) 
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Figure 3.11 Approximated cross-power spectral matrix 


The weight vector in the ith window is expressed as 
Wo, (n, m,) = Rp2,Gp,(n, my) (3.50) 
where 
o Syep my — (i — DL) 
Š, (n,m, — (i= DL + D) 
Ğp;(nm)= | Šem — = DL+2)) | e cP% (3.51) 


and 
S(n, (i — DL) 
S(n, @—DL+1) 
Šin) = | Sm, G- DL +2) | e cl! (3.52) 


S(n, iL — 1) 
The cross-power spectral matrix in the ith window, Raw is estimated as 


N,—1 
Roei = y DB Zin) e C (3.53) 


r 
ny=0 


Since the dimension of the matrix to be estimated is reduced, a reduced number of 
training range cells are needed. In fact, to obtain a performance loss of 3 dB, only 
N, = 2LP target-free range cells are needed. It is quite obvious that the windowing 
operation may introduce some distortion in the resulting image since an approximated 
cross-power spectral matrix is used. 
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3.2.2 Joint E-SDAP ISAR 


In this chapter, a technique that combines clutter suppression and ISAR processing to 
obtain high-resolution image of noncooperative moving targets for bistatic configu- 
ration is introduced. An extended version of conventional SDAP processing that aims 
to take into account clutter non-stationarity in order to restore conventional SDAP 
filtering performance is proposed. E-SDAP formulation is derived from multichan- 
nel RD algorithm and takes into account clutter range variations. Due to the specific 
properties of the RD algorithm, the proposed processing is structurally different from 
the STAP algorithm proposed in the literature for bistatic case. A suboptimum version 
of E-SDAP processing is then proposed in order to reduce both the computational 
load and the training data requirement. 


3.2.2.1 Optimum processing 

As previously shown, in optimal SDAP processing for monostatic configuration, 
target-free training data are assumed IID. In this case, the convergence issue of the 
clutter covariance matrix estimation is only related to the amount of training data and 
not to the interference scenario (see (3.47)). IID assumption can be often violated in 
some real scenarios due to the very high number of training data required to obtaining 
a proper estimation of the clutter covariance matrix. 

Clutter range dependence is particularly strong in multichannel bistatic config- 
urations. In past years, a modified version of conventional STAP algorithm that aims 
to restore detection performance under a strong clutter non-stationarity has been 
proposed [24—27]. These techniques fall in general under the class of bistatic STAP. 

SDAP is an innovative formulation that is structurally and algorithmically dif- 
ferent with respect to the conventional STAP approach. In this section, its extended 
version is derived. 

Let us consider that the optimal SDAP weight vector derived in (3.46), an 
extension of conventional SDAP processing through the first-order Taylor expan- 
sion, is proposed to take into account linear Doppler variation of clutter along range 
dimension. 

Assuming to consider only linear range variation on time, the SDAP weight vector 
can be modeled as the sum of a fixed component and a component varying linearly 
with fast time: 


W(n,,m) = Wo(n,,m) + n-AW(n,, m) (3.54) 


where n, is the range cell index and is related to the range cell position r through the 
relation r = n,A, in which A, = c/2B cos £ is the bistatic range resolution where 8 
defines the bistatic angle [28,29]. In order to avoid range cell migration, a MF oper- 
ation is performed in range/frequency domain leading to a weight vector expressed 
in frequency/slow-time domain: 


W(n, m) = DFT, {W(n,,m)} (3.55) 
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It is then possible to perform E-SDAP processing simply by considering the Taylor 
expansion of the weight vector in the frequency/Doppler domain as 


Wp(n, m,) = DFT, {W (n, m)} (3.56) 


It is worth pointing out that this formulation is different from conventional post- 
Doppler STAP algorithm [19,30] and bistatic STAP algorithms proposed in [27], due 
to the different definitions of the extended weight vector present in (3.56) that makes 
the approach different. Therefore, the beamformer output can be expressed as 


up(n,m,) = WH o(7 m,)S(n) + n, AW” (n, m,)S(n) 
= Wp (n, m)T p S0) = Wo (n, m,)S'(n, my) (3.57) 


where the new doubled weight vector is defined as 


i | Wpo(n,m,) 2MPx1 
W (n, m,) = eoo eC (3.58) 


while T,,, = [I,n,I] € C™?*?? is the matrix that includes range cell dependence 
and I € C™?*MP represents the identity matrix. The new doubled vector of received 
signal is then defined as 


qi S(n) 2MPx1 
S(n) = EA Enge (3.59) 


Considering (3.58), it is possible to derive an expression for the optimum extended 
weight vector that maximizes the output SINR and follows the conventional SMI: 


Wp, m) = y'Rp'Gp(n,m) e 00 (3.60) 


where y’ does not affect the SINR and where Ĝi (n, m,) = ka ecu 


defines the new doubled reference vector in which Gp(n, my) has been defined in 
(3.43). It is worth highlighting that in conventional SDAP processing, the choice of 
the weight vector can be subjected to a set of linear constraints. As known, one of 
the most common constraints is, for example, the minimum variance distortionless 
response that constrains the beam pattern to be unity in the steering direction. In the 
case of time-varying weight vector, there are several different ways in which it is 
possible to choose to constrain the gain of the adapted beam [31]. One strategy could 
be to constraint Wp to have unity gain in the steering direction and leave AWp 
unconstrained. This leads to the previous definition of the reference vector. 

The estimation of the new clutter covariance matrix presented in (3.60) is obtained 
by still considering a set of N, training data that must be target free to avoid the fact 
that the useful target return is considered as interference: 


N, 
a DL = 
Ri = a y Z (nZ (n) e Corr (3.61) 


n=1 
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where Z'(n,) is the new doubled training data vector relative to the n, range cell that 
is defined in the space/Doppler domain: 


Z(n,) 


Zayas 
(i) Eo 


l gig MEX (3.62) 


where Z(n,) is the space/Doppler snapshot used in SDAP processing in the clutter 
covariance matrix estimation defined in (3.47). The new doubled clutter covariance 
matrix can also be seen in a more compact form as represented earlier: 


ts R© RY 
R; = O O e C2MPx2MP (3.63) 
Rp Rp 


in which the single elements represent the MP x MP estimated clutter covariance 
matrix used in conventional SDAP approach: 


N, 
N 13 s z 
RY = = XO aP Z(n,)Z" (n) € CMPxMP (3.64) 


r 
ny=1 


It is quite evident that the effect of modeling the first-order dynamic behavior of the 
weight vector is to increase the dimension of the estimation problem and consequently 
the dimension of the degrees of freedom. The increase in the adaptive weight vector 
dimension involves an increase of the computational load. This is the price that must be 
paid in order to take into account linear variation of clutter along the range dimension. 
It is clearly possible to extend this approach by using more terms from the Taylor series 
expansion to cope with any suitably smooth nonlinear time variation. The fundamental 
processing chain of E-SDAP ISAR algorithm is depicted in Figure 3.12. As in SDAP 
case, in order to compensate for the relative motion between platform and moving 
target, ISAR processing must be applied at the output of the E-SDAP processing. 


3.2.2.2 Suboptimum processing 

For a typical value of radar PRF and observation time, the required number of training 
data is very high corresponding to a wide area of homogeneous clutter. In some cases, 
especially in bistatic configurations, clutter heterogeneity leads to a degradation of 
SDAP performance. A reduction of the number of required training data is a desirable 
feature. In fact a reduction in training data means a smaller range area on which the 
clutter can be estimated. As a consequence, it is more reasonable to consider clutter 
range variation as linear [12]. In this section, a suboptimum approach for E-SDAP 
processing is derived. The reduction in the dimensionality of the clutter covariance 
matrix can be obtained by splitting the E-SDAP filtering operation, derived in (3.60), 
in sub-widows as shown in Figure 3.13. The suboptimum E-SDAP approach consists 
of applying a windowing operation onto the Doppler spectrum and applying the 
optimum filter on each window. The reduction in the dimensionality of the extended 
clutter covariance matrix to be estimated is given by the length of the considered 
sub-window. 
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Figure 3.12 E-SDAP ISAR functional block processing 
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Figure 3.13 Suboptimum E-SDAP ISAR functional block processing 
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Let’s define i = 0,1,..., LM/L] — 1 as the window index and L as the window 
length across the Doppler spectrum. The output of the filtering operation in the ith 
subblock can be expressed as 


Up,(n,m,) = Wp, (n,m, )S;(n) (3.65) 


where the W% (7, m, ) and the Si(n) represent the extended weight vector and extended 
received signal vector with respect to the ith block, respectively. The global output of 
the suboptimum E-SDAP filtering process can be obtained as 


up (n, m) = X We (n, my )S\(n) (3.66) 


L 


The extended weight vector relative to the ith subblock can be clearly defined as 
follows: 


Wp, m) = yi Rp; Gp (n,m) € C (3.67) 
while Si(n) and Gh (n, m,,) are obtained as follows: 


S(n, iL) 


S(n, iL + 1) 
S,(n) = eC (3.68) 


S(n, (i + 1)L — 1) 


& = Š;(n) 2LPx1 
Si(n) = be ec (3.69) 
Srep(n, m, — iL) 


7 S,e¢(n,m, — (iL + 1) 
Gp,(n,m,) = e CPx! (3.70) 


S,ep(n,m, — (i+ DL — 1) 
G), (n,m) = ae | e CP% (3.71) 


The signal vector of the ith block in (3.68) is obtained by applying a windowing 
operation along the Doppler dimension and the extended signal vector relative to the 
ith block can be obtained as in (3.69). The same concept holds true for the definition 
of the extended reference vector. 

The extended clutter covariance matrix in the ith sub-window, Ris can be 
obtained in a similar way to (3.63): 


k RO RY 
Rp; Z l i Re e C?LP*2LP (3.72) 
Rp; Rp; 
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Figure 3.14 Extended clutter covariance matrix in the suboptimum E-SDAP 
approach 


where the generic element, RY, of the extended covariance matrix represents a LP x 
LP subblock relative to the ith window obtained by applying the windowing operation 
on the training data set: 


N, 
A 1 2 ~ 2 
RD = a Da Lal LI (rm) e CP (8.73) 


r 
n=l 


where Ž;(n,) represents the extended target-free space/Doppler snapshot of the n, 
range cell relative to the ith subblock. The extended covariance matrix in suboptimum 
approach is reported in Figure 3.14. 


3.3 Results 


In this section, the SDAP processing and the E-SDAP processing previously described 
will be tested on real data and on simulated data, respectively. The real data have 
been provided by Metasensing and consist of the data acquired by a two-channel 
SAR system while simulated data have been provided by the Warsaw University of 
Technology (WUT). Both the real and simulated dataset are analyzed and the critical 
aspects for the application of the proposed processing are highlighted. 


3.3.1 SDAP-ISAR results 


In this section, the SDAP processing previously described will be tested on real data. 
The data have been provided by Metasensing and consist of the data acquired by a 
two-channel SAR system. As it will be explained in the following, the system setup is 
not optimal for the application of the algorithms described in the previous chapters, 
so some preliminary operations are needed to arrange the data in a manner that 
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allows for the proposed processing to be applied. In Section 3.3.1.2, the multichannel 
range—Doppler (MRD) processing to obtain the SAR image will be tested and some 
conclusions will be drawn while in Section 3.3.1.3, the SDAP-ISAR processing will 
be applied exploiting the two available channels. 


3.3.1.1 Dataset description 

A measure campaign has been conducted within the activities of the NATO-SET 
196. The campaign took place on the June 5, 2013 close to Teuge airport (NL). The 
platform used is a 208 Grand Caravan from Paracentrum Teuge (PH-SWP). The radar 
mounted on the platform is a dual-channel FMCW SAR system. A summary of the 
measures campaign conducted by Metasensing can be found in [32]. Details about the 
functioning of the FMCW system can be found in [33]. The acquisitions have been 
performed by flying over a highway in proximity of Teuge airport. The highway was 
perpendicular to the flight trajectory. The acquisition parameters are summarized in 
Table 3.1. The radar parameters are listed in Table 3.2 while the antenna specifications 
are in Table 3.3. 

Figure 3.15 shows the transmitter (a) and receiver (b) antennas, respectively. The 
setup of the platform is shown in Figure 3.16 while a picture of the area under test is 
shown in Figure 3.17. 

It is quite obvious that the measured setup described earlier is not optimal for the 
testing of the proposed method. The principal shortcomings are as follows: 


e Small bandwidth (B = 120 MHz). This involves a slant-range range resolution 
Ay, = 1.25 m. This is poor resolution especially when dealing with ground target. 

e Baseline d > i/2. This is a problem from a beamforming point of view but also 
for the MRD image formation process. 


Table 3.1 Acquisition parameters 


Platform 208 Grand Caravan from 
Paracentrum Teuge (PH-SWP) 

Look angle 55° 

Flight altitude 1,200 m 

Velocity 180 km/h 

Mean range 2km 

Swath 1 km 


Table 3.2 Radar parameters 


Center frequency 9.6 GHz 


TX bandwidth 120 MHz 
PRF 5 kHz 


ADC sampling frequency 25 MHz 
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e Only two channels resulting in a small number of spatial degrees of freedom. 
e Highway parallel to the range dimension. This involves a difficult estimation of 
the interference space/slow time covariance matrix. 


All these issues will be analyzed in the following. 


3.3.1.2 Multichannel range—Doppler image formation 

In this section, the performance of the MRD image formation processing will be 
discussed. In particular, the condition on the array size derived in Section 3.1 will be 
analyzed. The condition is here recalled for the sake of clarity 

ARo 
< 

MY ~ 39(y1 cosa — y; sina) 

It is worth pointing out that since in a SAR scenario a = 0 (see Figure 3.1), 
(3.74) imposes a direct relationship between the image cross-range and the array 
size. The available data were acquired by a two-channel SAR system with baseline 


D 


(3.74) 


Table 3.3 Antennas parameters 


TX: horn 


Gain 19.6 dB 
Antenna aperture (3 dB) Elevation 20° 
Azimuth 20° 


RX: microstrip patch 


Gain 21.4 dB 

Antenna aperture (3 dB) Elevation 22° 
Azimuth 7.5° 

Baseline 15cm 


(a) (b) 


Figure 3.15 TX antenna (a) and RX antennas (b) 
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Figure 3.17 Optical image of the area under test 


d = 15cm 7% 5.. It is quite clear that such a distance is quite large and considering 
the cross-range yı imaging area, the array size, Darray, does not meet the condition in 
(3.74). In fact, considering the system parameters listed in Table 3.3, the cross-range 
imaging size can be roughly evaluated considering receiver antenna beamwidth as 


Dy, © RoGaz = 262m (3.75) 
The results of the imaging processing are shown in Figure 3.18. In Figure 3.18(a) and 
(b), the images obtained by applying the RD processing on data acquired by channels 
1 and 2, respectively, are shown. In Figure 3.19, the image obtained by applying 
MRD is shown. As can be noted, the distortions due to the abovementioned effects 
are evident. The array size is too large and the summation is coherent only in a small 
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Figure 3.18 Range—Doppler image results (a) channel 1, (b) channel 2 
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Figure 3.19 Multichannel range—Doppler image results 
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cross-range region. In order to reduce the baseline between the two antennas, the first 
N4 samples are discarded in the channel 1 data and the last Nz samples are discarded in 
the channel 2 data as in Figure 3.20. In this way, the equivalent baseline, deq between 
the two channels becomes 


deq = d — NavyTr (3.76) 


It is quite obvious that in this case, the acquisitions are no longer contemporary. This 
is not an issue for the image formation processing but it can affect the performances 
when clutter suppression is performed. Considering the system parameters described 
in Section 3.3.1.1, the configuration in which the elements are as close as possible is 
obtained with N4 = 17. Result with Nz = 17 is shown in Figure 3.21. 


3.3.1.3 Clutter suppression and imaging 

In this section, the results of the application of SDAP ISAR processing will be pre- 
sented. Some preliminary operations on the available data are needed before applying 
the clutter suppression and the imaging processing. Specifically, a baseline reduction 
is mandatory for multichannel RD imaging processing. However, it is worth pointing 
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Figure 3.21 Multichannel range—Doppler image results Ng = 17 
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out that after this preprocessing, the data acquired by the two channels are no longer 
contemporary. Although this is not an issue in the multichannel RD processing, a time 
decorrelation is introduced which can affect the performance of the SDAP processing. 
Nevertheless, it is worth noting that the system PRF is very high, i.e., PRF = 5 kHz, 
and for such a high PRF, the scene can be considered static within the Nz pulses. 
Another shortcoming is due to the observed scene. As can be noted, a highway is 
present in the scene and is oriented along the range direction. This involves the pres- 
ence of a number of moving targets along all the range dimension of the image. It 
is quite obvious that, in this particular situation, the estimation of the space—slow 
time covariance matrix of the disturbance becomes a difficult task because of the 
lack of the availability of target-free range cells. However, the signal-to-clutter ratio 
(SCR) is very low because the clutter region is significantly larger than the targets 
region so that the estimation can be reasonably performed. Moreover, as explained in 
previous section, the system has only two channels that result in a small number of 
spatial degree of freedom. It is worth pointing out that in order to evaluate the per- 
formances of the proposed clutter suppression and imaging process, a ground truth 
would be necessary. This would allow for a comprehensive performance evaluation. 
Unfortunately, the ground truth is not available. 

In Figure 3.22, the region under test and the training region are highlighted with 
a solid line and with a dotted line, respectively. It is evident that moving targets 
are present in both the regions as stated before so that the estimation of the clutter 
covariance matrix will be affected. The situation of both the cases will be analyzed. 

In the first case, the proposed SDAP-ISAR processing will be applied to the data 
collected by the two channels after the baseline reduction. As it will be evident after the 
analysis of the results, the clutter suppression seems to work properly. However, since 
the ground truth is not available, it is very difficult to assess the correct functioning of 
the proposed processing. In fact, all the moving targets appear outside of the clutter 
Doppler bandwidth. The clutter seems to be properly canceled, but it is very hard 
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Figure 3.22 SAR image with region under test (red box) and training range cells 
(vellow box) 
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to state if some of the moving targets within the clutter bandwidth are canceled as 
well. In order to correctly evaluate the effectiveness of the proposed SDAP-ISAR 
algorithm, a case in which some moving targets are present in the clutter Doppler 
bandwidth should be considered. This is easily obtained performing a subsampling 
in the slow time dimension (in addition to the baseline reduction) as shown in Figure 
3.23. A subsampling factor value of 3, sf = 3, has been chosen. In this way, the 
equivalent PRF is obtained as 


PRF 
PRE gg = ~~ = 1.67kHz (3.77) 


A fixed relationship between the Doppler frequency of a target in the image obtained 
considering the data without subsampling and the Doppler frequency of the same 
target in the image obtained by processing the data with PRF, exists and can be 
exploited to verify if some moving targets are canceled by the clutter suppression 
process. The relationship between the target Doppler frequency before and after the 
subsampling can be derived by considering Figure 3.24. 

Specifically, a target with Doppler frequency |/p| < (PRF.,/2) will appear in the 
same Doppler position within the images obtained by processing the data with the two 
PRF values. On the other hand, a target with Doppler frequency (PRF.,/2) < |fp| < 
(PRF /2) will be wrapped in the image obtained by processing the data with PRF.,. 
In this case, the target will appear in a Doppler position that can be expressed as 


Sbe = —SEN(fd)PRF eq + fp (3.78) 


In this way, a pseudo-ground truth is created and used to verify the effectiveness of 
the proposed algorithm. 
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Figure 3.24 Doppler mapping 
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Case study 1 

In the first case, an amount of data corresponding to an observation time Tops = 
0.2 s is used. This small value of observation time allows for the processing of an 
amount of data that can be easily processed with a general purpose PC. In fact, 
with PRF = 5kHz larger T,,; corresponds to large amounts of data that cannot be 
treated. The suboptimum SDAP processing described in Section 3.2.1.2 is applied 
with window length L = 32 samples. In Figure 3.25, the images of the region under 
test without clutter suppression (a) and with clutter suppression (b) are shown. As 
can be noted after a visual inspection, the proposed SDAP processing performs the 
clutter cancellation very well. However, as stated before, it is not possible to assess 
the correct functioning of the method because of the lack of the ground truth. One 
crop cut from the images shown in Figure 3.25 is shown in Figure 3.26. As can be 
noted, the moving targets are present after the clutter suppression. Moreover, the 
image after clutter suppression seems to be more noisy but this is only a visualization 
issue. In fact, both the images are normalized with respect to its maximum value and 
a dynamic of 40 dB is represented. Since the image after clutter mitigation presents 
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Figure 3.25 SAR image (a) and clutter suppressed SAR image (b) 
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Figure 3.26 Detail 2: SAR image (a) and clutter suppressed SAR image (b) 


a lower peak value than the SAR image (because of the cancellation of the static 
scene), more noise is visible within the 40-dB dynamic in Figures 3.25 and 3.26(b) 
with respect to Figure 3.25 and Figure 3.25(a). As stated before, no conclusions can 
be drawn by observing these results because all the moving targets seem to be outside 
of the clutter Doppler bandwidth. Another issue regards the application of the ISAR 
refocusing processing. In Figures 3.27 and 3.28 two target crops are shown before (a) 
and after the ISAR processing (b). As can be noted, the improvement in the image 
focus is almost irrelevant. This is due to the fact that with the considered CPI, the 
defocusing effect introduced by the uncompensated target own motion is negligible 
and the ISAR processing does not lead to any significant improvement. However, a 
little improvement in the image focus is present and can be measured by exploiting the 
IC values before and after the application of the ISAR processing that is summarized 
in Table 3.4. 


Case study 2 
As stated before, the second case study is obtained applying a subsampling operation 
to the acquired data along the slow time dimension. In this way, a data reduction is 
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Figure 3.27 Crop 1: original SAR image (a) and refocused image (b) 


obtained allowing for the processing of a larger CPI and, more important, the presence 
of moving targets within the clutter Doppler bandwidth is imposed. A subsampling 
factor sf = 3 has been chosen together with an observation time of T,,, = 6 s. The 
SAR image obtained by processing the subsampled data is shown in Figure 3.29. 
The region under test and the training range cells are highlighted with a solid line 
and with a dotted line, respectively. By comparing Figure 3.29 and Figure 3.22, it is 
evident that the moving targets that appear clearly visible in the image with full PRF 
are wrapped within the clutter Doppler bandwidth in the image with the reduced PRF. 
The SAR images of the region under test without clutter suppression and with clutter 
suppression are shown in Figure 3.30(a) and (b), respectively. As can be noted after a 
visual inspection, clutter suppression seems to work properly and a lot of targets that 
masked under the static scene in Figure 3.30 become clearly visible in Figure 3.30(b). 
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Figure 3.28 Crop 2: original SAR image (a) and refocused image (b) 
Table 3.4 Case study 1: IC values 


IC SAR IC ISAR 


Crop 1 9.943 11.819 
Crop 2 5.945 7.995 


In order to better appreciate the moving target detection improvement, two subre- 
gions are represented in Figures 3.31 and 3.35. In Figure 3.31, the SAR image of the 
subregion | without application of the clutter mitigation processing (a) and with the 
application of the clutter mitigation processing (b) is shown. Moreover, the portion 
of the image obtained by processing the data without subsampling, PRF = 5 kHz, in 
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Figure 3.29 SAR image obtained processing subsampled data 
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Figure 3.30 SAR image (a) and clutter suppressed SAR image (b) 
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Figure 3.31 Subimage 1: SAR image (a), clutter suppressed SAR image (b), 
pseudo ground truth (c) 
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Table 3.5 Subregion 1: pseudo ground truth comparison 


Target no. So [Hz] So [Hz] Range Missing 


(PRF =5kHz)  (PRF=1.67kHz) [m] targets 
1 1,187 —479 40 

2 1,257 —409 58 

3 1,284 —382 65 

4 1,047 —619 103 

5 1,288 +378 147 

6 1,250 —416 172 

7 1,203 —463 197 

8 1,305 —361 199 

9 1,383 =283 204 x 
10 1,158 —504 227 x 
11 1,440 —227 24 x 
12 1,437 —230 110 x 
13 1,474 —193 220 x 
14 1,384 —283 282 x 


which the same targets are present is shown in Figure 3.31(c). This last image rep- 
resents the Doppler region that in the image obtained by processing the subsampled 
data is folded within the clutter Doppler bandwidth. As a consequence, it provides a 
pseudo-ground of truth that can be exploited to verify the effectiveness of the pro- 
posed method. The Doppler frequencies of every visible target in the pseudo-ground 
truth image (Figure 3.31(c)) are listed in Table 3.5 with the relative Doppler fre- 
quency evaluated considering the subsampling operation. The range coordinates are 
listed as well in order to locate the target within Figure 3.31(b) and (c). As can be 
noted, 6 targets out of 14 are canceled. It is worth pointing out that the target that can 
be clearly seen in Figure 3.31(b) with coordinates range and Doppler coordinates, 
Range = 55m and fp = —310 Hz, respectively, does not appear in Figure 3.31(c). 
This is not an artifact introduced by the processing but a target that in the pseudo- 
ground truth image has coordinates equal to Range = 55m and fp = — 1,976 Hz and 
results folded in the right position. In Figures 3.32-3.34, the results of the application 
of the ISAR processing are shown. Specifically, three targets are selected (target no. 
1, 2, 5) and for each of them, the SAR image (a) and the refocused ISAR image 
(b) are shown. The defocusing effect due to the uncompensated target own motion 
is evident by observing the target SAR images while the improvement in the image 
focus obtained by applying the ISAR autofocusing process can be clearly noticed by 
visual inspection of the results shown. In order to better evaluate the performance 
of the refocusing process, the IC values before and after the autofocusing are listed 
in Table 3.6 for all the targets detected in Figure 3.31(b). The improvement in the 
image quality is evident. The same analysis is performed in the other subregions of 
the scene under test. In Figure 3.35, subregion 2 is shown. The SAR images without 
clutter suppression and with clutter suppression are shown in Figure 3.35(a) and (b), 


88 Multidimensional radar imaging 


Crop SAR image 
— ji AAT St 40 
F, ‘al > 

"5 d rt a4 7 35 

f fs k 30 

a 25 
So 

5 20 

15 

10 

5 

500 490 -480 —470 —-460 
(a) Doppler [Hz] 
Crop refocused image 

50 

45 

40 

£ 35 
So 

S 30 
2 

25 

20 

15 


-500 -490 —480 470 —460 
(b) Doppler [Hz] 


Figure 3.32 Subregion I—Crop 1: original SAR image (a) and refocused image (b) 


respectively. The pseudo-ground truth is shown in Figure 3.35(c). Also in this case, 
the improvement in the detection capability results is evident from the visual inspec- 
tion. The results of the comparison between the pseudo-ground truth and the clutter 
suppressed image are listed in Table 3.7. Also in this case, a couple of targets out of 
13 are canceled. It is worth pointing out that this second subregion is farther from 
the training range cells than the subregion | so the estimation of the space—slow time 
covariance matrix could be less accurate for this region with respect subregion 1. 
The IC values for each target before and after the application of ISAR processing 
are listed in Table 3.8. The improvement in the image focus is evident for all the 
considered targets. Three of them (specifically target number 1, 4, and 6) are shown 
in Figures 3.36-3.38. 


3.3.2 E-SDAP ISAR results 


In this section, the proposed algorithm for clutter suppression in bistatic geometry 
will be tested on simulated data. The data have been simulated by the WUT, Institute 
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Figure 3.33 Subregion 1—Crop 2: original SAR image (a) and refocused image (b) 


of Electronic System within the activity of the NATO-SET 196. A SAR raw data simu- 
lator has been used. This simulator is based on a hybrid analysis, based on geometrical 
optics enhanced with full-wave electromagnetic simulations of larger facets of the size 
of a few radar resolution cells. The scene under test can be defined using real digital 
elevation model (DEM) gathered using systems such as light detection and ranging 
systems [34]. This raw data SAR simulator allows a complex and realistic simulation 
of the scene under radar observation to be performed. The simulated dataset is referred 
to a particular bistatic configuration where a three-channel receiver is used. In Sec- 
tion 3.3.2.2, the MRD processing to obtain SAR images will be performed while in 
Section 3.3.2.3, the proposed E-SDAP ISAR processing will be tested and validated 
with a multichannel processing using simplified scenario with three channels. 
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Figure 3.34 Subregion I—Crop 5: original SAR image (a) and refocused image (b) 


Table 3.6 Subregion 1: IC values before and 


after ISAR processing 

Target no. IC SAR IC ISAR 
1 2.673 10.174 

2 1.472 4.84 

3 0.83 3.344 

4 2.80 5.326 

5 1.345 3.698 

6 1.161 4.165 

7 1.879 6.502 

8 1.072 4.92 
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Figure 3.35 Subimage 2: SAR image (a), clutter suppressed SAR image (b), 
pseudo ground truth (c) 


3.3.2.1 Dataset description 


In this section, a description of the available dataset will be provided. In the available 
dataset, the terrain has been modeled by using a DEM with a dimension of 500 m x 
500 m in which two slow noncooperative moving targets are present, specifically, 
a large trailer truck with a velocity of 10 m/s along the range direction and a GAZ 
66 military truck with velocity of 5 m/s along the range direction. In order to better 
demonstrate the detection capabilities of the proposed processing, a point-like slow 
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Table 3.7 Subregion 2: pseudo-ground truth comparison 


Target no. Sb [Hz] Sb [Hz] Range Missing 
(PRF = 5 kHz) (PRF = 1.67 kHz) [m] targets 

1 1,255 —412 395 

2 1,165 —502 419 X 

3 1,257 —410 427 

4 1,301 —366 445 

5 1,332 =355 465 

6 1,268 —399 489 

7 1,198 —469 498 

8 1,117 —550 510 

9 1,281 —386 524 

10 1,667 —600 543 X 

11 1,329 —338 546 

12 1,090 —577 558 

13 1,379 —288 573 


Table 3.8 Subregion 2: IC values before and 


after ISAR processing 
Target no. IC SAR IC ISAR 
1 1.475 4.935 
3 1.812 5.560 
4 
5 1.856 7.673 
6 1.455 4.694 
7 1.028 3.703 
9 1.615 6.327 
10 
11 
12 0.882 2.755 


13 1.426 5.774 


moving target with a velocity of 3 m/s along the range direction has also been added 
in the scenario. In the simulated geometry, the transmitter and the receiver have 
different velocities and the fight paths are orthogonal. The geometry is depicted in 
Figure 3.39 while the radar parameters are summarized in Table 3.9 and the acquisition 
parameters are reported in Table 3.10. As it is possible to see from Table 3.9, different 
from the previous section, the measure setup is quite suitable for testing the proposed 
algorithms. The principal benefits are as follows: 


e High bandwidth: The transmitter bandwidth is quite high, i.e., B = 500 MHz 
and allows for a sufficient fine bistatic range resolution, to be obtained. In the 
considered configuration in which 8 = 44.3°, the bistatic range resolution is 
6, = 0.42 m. 
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Figure 3.36 Subregion 2—Crop 1: original SAR image (a) and refocused image (b) 


e Distance between channels: The baseline is set to d = (A/2) = 0.015 m. This 
choice avoids any problem from both a beamforming point of view and from 
MRD image formation algorithm perspective, as it will be shown later. 

e Multichannel system: A receiver with three channels has been simulated. This 
results in enough number of spatial degrees of freedom to properly apply the 
proposed algorithms. 


3.3.2.2 Multichannel range—Doppler image formation 


In this section, considerations about multichannel RD image formation algorithm 
will be discussed. The condition on the array size, introduced in Section 3.1, will be 
analyzed. This condition is recalled here for the sake of clarity: 


ARB o 


Dira < . 
” ~ 32y; cos(æ) — y; sin(æ)) 


(3.79) 
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Figure 3.37 Subregion 2—Crop 4: original SAR image (a) and refocused image (b) 


In (3.79), Reo represents the bistatically equivalent monostatic (BEM) radar-target 
distance, i.e., Rao = ((Rao + Rix0)/2) where Ryo and R,x,o represent the transmitter- 
target and receiver-target distance, respectively [3]. This condition is derived for 
multichannel bistatic systems and allows for the coherent sum the images obtained 
by processing the data acquired by each of the P channels. Since in a SAR scenario 
a = 0, [4], it is possible to obtain a direct relationship between the cross-range image 
dimension and the array size. As reported in Table 3.9, the multichannel receiver is 
composed of three channels separated by a distance of d = (A/2) = 1.5 cm. The array 
dimension, Darray = (P — 1)d = 3 cm, is quite small considering that the BEM radar- 
target distance is about Rgo ~% 24.4 km while the cross-range imaging area is about 
Dy, ~ 500 m. Therefore, the array dimension meets the condition in (3.79) and as a 
consequence, no image distortions appear when the multichannel RD image formation 
algorithm is applied. The results of the image processing are shown in Figures 3.40 
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Figure 3.38 Subregion 2—Crop 6: original SAR image (a) and refocused image (b) 


and 3.41. In Figure 3.40, the images obtained by applying the RD algorithm on the 
first channel (a) and on the third channel (b) are shown while in Figure 3.41, the result 
obtained after applying the multichannel RD algorithm is represented. 


3.3.2.3 Clutter suppression and imaging 

In this section, the results on the application of E-SDAP for clutter suppression in 
strong non-stationary clutter environment will be presented. After clutter suppression, 
ISAR processing will be exploited in order to obtain high-resolution images of non- 
cooperative moving targets present in the scene. In this case, the clutter suppression 
and the image formation processing can be applied without any particular preliminary 
operations on the available data since targets are in the clutter Doppler bandwidth. 
It is quite obvious that since target positions are unknown, training data might be 
not target free. However, the SCR is very low since the clutter region is significantly 
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Figure 3.39 Multichannel bistatic acquisition geometry 2 


Table 3.9 Radar parameters for geometry 1 


and geometry 2 
Center frequency 9.6 GHz 
TX bandwidth 500 MHz 
Observation time 0.2 s 
ADC sampling frequency 25 MHz 
Receiver channel distance A/2 
Pulse repetition frequency (PRF) 5 kHz 
Number of receiver channels 3 


Table 3.10 Acquisition parameters 


Bistatic angle 44.3° 


Tx acquisition parameters 


Altitude 400 m 
Platform velocity 50 m/s 
Look angle 78.6° 


Rx acquisition parameters 


Altitude 400 m/s 
Platform velocity 60 m/s 
Look angle 80.9° 
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Figure 3.40 Range—Doppler image results: (a) range—Doppler algorithm on 
channel I and (b) range—Doppler algorithm on channel 3 


larger than the target region, then the estimation of the clutter covariance matrix can 
be reasonably performed. It is worth also pointing out that in this situation, the ground 
truth would not be necessary for a comprehensive performance evaluation of the pro- 
posed processing since all moving targets fall within clutter region. In Figure 3.42, 
the region under test and the training region are highlighted with a solid line and with 
a dotted line, respectively. Due to the high number of required target-free training 
data, a suboptimum approach is applied. The suboptimum processing allows for the 
computational load and the dimension of the range area in which the clutter covariance 
matrix is estimated, to be reduced. In the case of E-SDAP approach, this allows to 
reasonably approximate the clutter range variation as linear exploiting only the first 
order of Taylor series to perform clutter suppression. An amount of data corresponding 
to an observation time of Tops = 0.2 s is used. The suboptimum version of E-SDAP 
processing is applied with a window length of L = 10 samples. The performance in 
clutter suppression will be evaluated by comparing the bidimensional null filter in the 
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Figure 3.41 Result of multichannel range—Doppler algorithm 
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Figure 3.42 SAR image with region under test (solid line) and training region 
(dotted line) 


angle/Doppler plane of the proposed E-SDAP processing with the conventional SDAP 
processing while the performance in target refocusing capabilities will be measured 
in terms of the IC. 

In Figure 3.43, results for E-SDAP processing are shown. Specifically, in 
Figure 3.43(a), the original SAR image is represented and in Figure 3.43(b), the 
image obtained at the output of conventional SDAP processing is represented. As can 
be noticed, moving targets present in the scene are not visible neither in the original 
image nor in the image after SDAP processing. In the first case, this is due to both the 
presence of target in the static scene region and to the strong ground clutter return that 
completely masks the target return. In the second case, the strong clutter range depen- 
dence induced by the acquisition geometry produces a consistent mismatch between 
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Figure 3.43 E-SDAP results: (a) original SAR image, (b) SDAP. (c) E-SDAP 


the estimated and the exact clutter covariance matrix that degrades the conventional 
SDAP clutter filter performance. In Figure 3.43(c), the result for E-SDAP is shown. 
As can be noticed, the proposed algorithm seems to work properly and all moving 
targets can be detected. It is worth pointing out that for this geometry, the two targets 
in the scene do not completely fall in the static Doppler region and then appear par- 
tially visible both in the SAR image and in the image obtained after SDAP processing. 
However, the pointlike target that completely falls in the clutter Doppler region can be 
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Figure 3.44 Null filter in the angle/Doppler plane: (a) SDAP filter, 
(b) E-SDAP filter 


detected only with the E-SDAP processing. Another aspect that must be highlighted is 
that SDAP filter does not lead to a signal cancellation but to an increase of the interfer- 
ence residual with respect to its extended version. As known, the estimation errors in 
the clutter covariance matrix translate into a non-convergent adaptive filter response. 
By expressing the optimal weight vector that provides insight into the relationship 
between covariance matrix error and degraded filter response [35], it is possible to 
observe that the mismatch between the estimated clutter covariance matrix and the 
exact one caused by the clutter range dependence leads either to the overnulling or 
undernulling. The overnulling effect leads to potential signal cancellation, whereas 
undernulling effect results in increased interference residual. To better appreciate the 
performance in clutter suppression of the proposed processing, a comparison between 
the bidimensional null filters of the SDAP algorithm and its extended version has been 
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Figure 3.45 Null filter along Doppler frequency: (a) SDAP filter and 
(b) E-SDAP filter 


done. Both the filters are represented in the angle/Doppler plane and are shown in 
Figure 3.44. As can be seen, both filters are centered along the clutter ridge that is 
due to the relation between the Doppler frequency and the DoA of the received signal. 
The difference between the two filters lies in the null bandwidth. In fact, the E-SDAP 
filter shows a narrower bandwidth that suppresses only clutter allowing slow-moving 
targets to be detected. A more accurate comparison can be obtained by representing 
both filters as function of Doppler frequency. This can be obtained by taking a slice 
from the bidimensional filter for DoA = 0° as shown in Figure 3.45. As can be seen, 
the SDAP filter shows a large stop bandwidth that suppresses both the clutter and the 
target return, while the E-SDAP filter is centered on the zero Doppler frequency with 
a narrow bandwidth and allows only the interference to be suppressed while detecting 
the slow-moving targets present in the scenario. Another issue to be addressed is the 
application of ISAR processing at the output of the E-SDAP in order to refocus non- 
cooperative moving targets. As explained in Section 3.1.2.1 to properly apply ISAR 
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Figure 3.46 Detected targets crop (dB scale) 


Defocused target 
615 
610 
= 605 
5 
£ 600 
jo} 
=] 
595 
590 
2,000 —— . 
100 200 300 400 500 600 
(a) Range [m] 
Refocused target 
630 
-2,000 
= r 625 
T E 
rey —1,000 25 t 620 
E, 
5 615 
BE 0 | 
jo} 
A 610 
1,000 | 
605 
2,000 : 4 £ A ; + 
100 200 300 400 500 600 
(b) Range [m] 


Figure 3.47 Target crop 1: (a) before ISAR processing and (b) after ISAR 
processing 
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Figure 3.48 Target crop 2: (a) before ISAR processing and (b) after ISAR 
processing 
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processing, each detected target must be separated from both the contributions of the 
static scene and the other targets. In Figure 3.46, each target crop is highlighted. As 
can be seen, target crop 1 is within the solid line while target crop 2 is highlighted 
with dotted line and target crop 3 is in dashed box. It is worth pointing out that the 
geometry and systems parameter allow for the RD algorithm to be applied, and as 
a consequence, the inverse RD processing can be exploited to perform image crop 
inversion. In Figure 3.47, Figure 3.48 and Figure 3.49, the first, second and third 
target crops are represented before and after ISAR processing. As can be noted, the 
improvements in the image focus are more evident. The energy of the scatters is more 
concentrated in the refocused image and this results in a better IC as it is also possible 
to see from the Table 3.11 that shows the IC values before and after ISAR processing. 
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Figure 3.49 Target crop 3: (a) before ISAR processing and (b) after ISAR 
processing 


Table 3.11 Image contrast before and 
after E-SDAP ISAR 
processing for geometry 2 


SAR IC ISAR IC 
Target crop 1 2.55 19.28 
Target crop 2 0.85 2.62 


Target crop 3 1.81 2.79 
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3.4 Conclusion 


In this chapter, the problem of the imaging of noncooperative moving targets within 
SAR images has been addressed. The proposed solution is based on the applicability 
of the ISAR processing to compensate the unknown part of the relative radar-target 
motion. The applicability of ISAR processing to refocus moving targets within con- 
ventional single channel SAR images has been investigated. It is worth pointing out 
that in order to apply ISAR processing, each target to be refocused must be detected 
first. This is a critical aspect especially in case of ground target. In fact, ground 
clutter can be much stronger than the target return and can completely mask the tar- 
get of interest. In order to overcome this issue, multichannel information has been 
exploited. In fact, spatial degrees of freedom can be used as well as the temporal 
degrees of freedom to mitigate the static clutter making improving detection capa- 
bilities. A review of the multichannel formulation of the commonly used (especially 
in ISAR imaging) range—Doppler image formation algorithm has been derived. A 
statistical description of the static ground clutter has also been presented. Then, joint 
SDAP-ISAR processing has been formalized and presented both for monostatic and 
bistatic configurations. 

Optimal and suboptimal approaches have been developed and tested on simulated 
data and real data within the activities of the NATO-SET 196. The performances of 
the MRD image formation algorithm have been analyzed first. Then the monostatic 
and bistatic formulations of the SDAP-ISAR processing have been applied to obtain 
well-focused images of noncooperative moving targets. Results have demonstrated 
the effectiveness of the proposed processing chain and its applicability in real systems 
for surveillance purposes. 

The main future direction will involve the reduction of the computational cost 
and the overcome of statistical issues due to the need of the disturbance covariance 
matrix estimation. Reduced rank techniques could be studied and applied to modify 
the proposed algorithms leading to near or better performances with respect to their 
full rank counterpart with a reduced computational load. Making the processing chain 
fully automatic avoiding the need of external inputs can be another aspect to inves- 
tigate. A-priori knowledge can also be exploited to improve the clutter suppression 
performance of the conventional STAP/SDAP processing. 
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This chapter discusses the passive inverse synthetic aperture radar (SAR) (ISAR) 
(P-ISAR) technique. Radar imaging, and in particular P-ISAR, is a new feature 
for passive radars (PRs) made possible by the recent technological advances. This 
chapter presents the theory of the P-ISAR algorithm. It also discusses the issues 
related to the application of the ISAR technique to passive coherent location (PCL) 
systems and in particular the obtainable spatial resolutions. How to deal with this 
problem is also discussed in this chapter. Finally, results on real data from two 
different PCL systems are presented to demonstrate the feasibility and effective- 
ness of P-ISAR. This chapter is organized as follows. Section 4.1 introduces the 
P-ISAR concepts and its main ‘ingredients’. Section 4.2 deals with the data pre- 
processing that includes all the steps necessary to obtain data suitable for the 
application of ISAR technique. Section 4.3 presents the ISAR image processing 
algorithm. It also proposes a method for handling incomplete data, particularly data 
with frequency ranges, that occurs when a full bandwidth signal is not available. 
Section 4.4 presents the results obtained by processing two datasets gathered with 
two different PCL systems. Main conclusions are finally drawn in Section 4.5. 


4.1 Introduction 


The ever higher computational resources of commercial off-the-shelf (COTS) devices 
and the technological advances gave a strong push to the research on PR field. Such 
radar systems have drawn a lot of attention all over the world because of the advantages 
with respect to active radars (low cost, flexible configuration, reduced electromag- 
netic pollution, low vulnerability to electronic countermeasure and counter-stealth 
advantage). More specifically, the recent availability of high-performance and low- 
cost devices has increased the number of PR demonstrators and prototypes and this, 
in turn, has driven research into this field through the extensive use of experimental 
data [1—4]. As research in this field progresses, more radar techniques are added to 
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PCL systems to make passive bistatic radar (PBR) handle several tasks. One such 
task is radar imaging of non-cooperative targets through ISAR imaging, which, in 
turn, may open the doors to non-cooperative target recognition capabilities. In [5], the 
authors have demonstrated that a multichannel Digital Video Broadcasting-Terrestrial 
(DVB-T) signal can be used to generate higher range resolution with respect to the 
resolution achievable by using a single DVB-T channel. Built on this work, a novel 
P-ISAR imaging scheme has been proposed in [4,6,7], which employs multiple 
adjacent channels’ DVB-T signals to form a focused ISAR image. 

Effective implementation of PR imaging of non-cooperative moving targets 
requires the following three main ingredients: 


e Fine spatial resolution: Spatial resolutions depend on the transmitted waveform 
that, however, cannot be controlled in PBR systems. Nevertheless, to meet this 
requirement, we can exploit the fact that digital broadcast communication chan- 
nels (DVB-T, DVB-S and Universal Mobile Telecommunications System (UMTS) 
to mention a few) are ‘almost’ spectrally adjacent. By coherently adjoining mul- 
tiple frequency adjacent channels at the receiver, a wideband signal suitable for 
imaging purpose can be obtained. In truth, frequency gaps are in between adjacent 
frequency channels. Such gaps are meant to reduce the cross-channel interference 
and guarantee high-quality TV signal transmission but generate grating lobes in 
the ISAR image when the multichannel DVB-T signal is used in conjunction with 
Fourier-based imaging techniques. In addition to that, the VHF/UHF spectrum 
is not completely filled with digital broadcast transmissions, therefore, leaving 
gaps that are typically much larger than those existing between adjacent channels. 
In such circumstances, the use of compression sensing (CS) instead of Fourier- 
based imaging algorithms has proved effective in reducing grating lobes and in 
reconstructing a high-resolution ISAR image free of artefacts [8]. 

e Bistatic ISAR theory [9]: A PR is intrinsically bistatic. Therefore, bistatic ISAR 
must be considered and results obtained in this field can be exploited. 

e ISAR from SAR techniques: A recently published paper has proposed an algo- 
rithm aiming at focusing on moving targets that appear unfocused in SAR images 
and that exploit target detection and data projection [10]. An RD map is obtained 
as the output of standard PR signal processing, which is usually addressed as the 
cross-ambiguity function (CAF). By interpreting such RD map as an unfocused 
target image, a similar processing to that adopted in [10] can be applied to refocus 
such targets. 


All these ingredients are combined together to implement the passive bistatic 
ISAR whose block scheme is represented in Figure 4.1. ‘PR processing’ involves 
all the steps necessary to produce a range/Doppler map. It is typically composed 
of a ‘reference signal pre-processing’ aimed at generating a reference signal free 
of multipath, the ‘zero Doppler filter’ aimed at removing the zero Doppler clutter 
and the ‘CAF calculation’ that gives as output the RD map, x(t, v), where m 
indicates the mth time burst of the whole received signal. Computational complexity 
of the ‘PR processing’ imposes some limitation on the maximum integration time, 
Tin. The detection is then performed onto the RD map, to detect moving targets. 
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Figure 4.1 Block scheme of the ISAR processing 


After detection, ISAR processing should be applied at each moving target to obtain 
a radar image of it. To accomplish this task, we have to deal with the fact that ISAR 
processing can be applied at a target at a time since each target has its own motions 
and that ISAR processors are typically designed to work in the frequency/slow-time 
domain. The ‘ISAR pre-processing’ has been designed to overcome these obstacles to 
ISAR application. The following subsections will focus on the ‘ISAR pre-processing’ 
and the ‘ISAR processing’ blocks while for more details on the ‘PR processing’ block, 
the reader may refer to [11,12]. 
The remainder of this chapter is organized as follows. 


4.2 Data pre-processing 


The ‘ISAR pre-processing’ block is all the signal processing in between the ‘PR 
processing’ and the ‘ISAR processing’ blocks and aims at generating a signal suitable 
for the application of ISAR techniques. After the target detection, a moving target is 
considered and its position in the range—Doppler map as well as its range and Doppler 
extent in term of resolution cells are input to the ‘ISAR pre-processing’ algorithm. 
By referring to Figure 4.1, the ISAR image pre-processing algorithm is composed of 
the following blocks: 


1. Target extraction: This block aims at cropping the target sub-image from the 
RD map. The size of such sub-image should be properly chosen so as to retain 
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all the energy backscattered by the target. The received signal is the composition 
of all the signals backscattered by the targets (being them stationary or moving). 
Therefore, the signal corresponding to a particular target cannot be separated in 
the signal domain. After the image formation (SAR image or RD map), instead, 
even if unfocussed, the targets appear as separated objects. This allows the target 
radar sub-image and, as a consequence, its backscattered echo to be separated 
from the others. 

2. Doppler inverse Fourier transform (IFT): It aims at converting the Doppler 
frequency into the slow-time, thus proving range/slow-time maps of the target. 

3. RD map merging: It is designed to obtain a signal of the target corresponding to 
an observation time Tss as long as desired. The computational power of hardware 
devices may limit the maximum number of received signal pulses that can be 
processed at the ‘PR processing’ block to form the RD map online. The result is 
an RD map obtained by processing both the surveillance and the reference signals 
for an integration time, Tin, not long enough to get fine Doppler resolutions 
and, therefore, effective ISAR images. In such circumstances, a target echo 
corresponding to a longer observation time can be reconstructed by concatenating 
target sub-images corresponding to adjacent time intervals, 7;,;. In the event that 
the RD map has been obtained by processing the desired observation time, such 
step is not necessary. 

4. Range IFT: It finally converts range/slow-time maps into frequency/slow-time 
signal, suitable to be processed by an ISAR algorithm. 


4.2.1 Target extraction 


The ‘target extraction’ block aims at isolating a target echo from the other targets, 
noise and clutter. It is performed in the image domain and acts as a two-dimensional 
(2D) filter onto the RD map, x”) at the output of the ‘PR processing’ block. 
The output of the ‘target extraction’ block is a RD sub-image centred onto the target 
of interest, namely x(x, v), where i= 1,2,...,N indicates ith detected target 
and Nrg is the number of tracked targets over M RD maps obtained by processing 
adjacent temporal bursts of the reference signal, s,.¢(t) and of the surveillance signal, 
Ssurv(t). The target extraction step can be implemented manually or automatically. 
The main issue of the automatic mode is to find a method to automatically choose 
the sub-image sizes, namely the ‘bounding box (BBY that contains the target. This 
is an important target attribute especially in the event of distributed targets that may 
occupy several resolution cells. Then, the detector will provide not only the target 
range and Doppler coordinates but also its range and Doppler extent. The minimum 
BB is defined as the minimum rectangular box which contains the target of interest 
and is an attribute of the detected target extracted by the ‘detection and tracking’ block. 
This is estimated through the ‘discriminator’ that aims to cluster together the detected 
pixels belonging to the same target. Figure 4.2 shows both an example of RD map 
obtained by processing a time-batch of 0.5 s, x(t, v) and the detection result. The 
RD map in Figure 4.2(left) has been obtained by processing measurements acquired in 
a maritime scenario where four non-cooperative vessels were present. After detection 


Wide-band multi-look passive ISAR 113 


clustering is applied to label the detected targets, as shown in Figure 4.2(right), where 
ten targets have been identified but only four are true targets. The minimum BB is 
the minimum rectangular box that contains all the target pixel. The BB of target 8 is 
highlighted with a dashed grey line in Figure 4.3(right). 

As already said, the computational resources may limit the integration time Tin, 
needed to form an RD map. When this occurs, Tins is usually too short to get effective 
ISAR image of the target. In these circumstances, a number of RD maps, M, obtained 
by processing time-adjacent T;,,, are formed for ISAR processing. The BB size cannot 
be, therefore, determined from a single RD map but should be computed from an RD 
corresponding to the entire observation time, tops = MT jn. An easy way to get it is 
to incoherently sum the RD maps corresponding to each Tn. The results cannot be 
used for ISAR purposes (since the incoherent summation does not preserve the signal 
phase over time) but it is useful to estimate the target extent relative to the entire Tops- 

Figure 4.4 shows the detection maps relative to a single Tin = 0.5 s and to a 
Tors = 25 X Tin œ 12.5 s, respectively. Figure 4.5 shows a particular image of 
Figure 4.4 centred on the target 8. 
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Figure 4.3 (left) RD image after labelling and (right) zoom on target 8. The dashed 
grey line represents the minimum BB of target 8 
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Figure 4.5 Zoom of images in Figure 4.4 


The minimum BB is then determined by using the image on the right side of 
Figure 4.5. The BB can be chosen, for example, as twice the size of the minimum BB 
so computed. In this way, the BB is the same for each RD map and the target phase 
history is then preserved over the whole observation time. 

It has been demonstrated in [12] that the CAF between the surveillance signal, 
Ssury(t) and the reference signal, s,.(t), can be seen as a weighted sum of the ambiguity 
functions calculated within each batch intervals. When 7),Vmax < 1, where T, is the 
temporal batch length and vmax is the maximum target Doppler frequency, the CAF 
can be computed as follows: 


Np 


x(t, v) = > gents fse n)s*(t — t,n) dt (4.1) 


n=1 


where s,(t, 7) and s,(t,n) are portion of S,,,(¢, n) and Sres (t, n), respectively, and are 
obtained as represented in Figure 4.6. 
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Figure 4.6 Graphical representation of how the surveillance and the reference 
signals are segmented in time-batches 


Equation (4.2) can then be written as follows: 


Np 
xa, v) a e,n) (4.2) 
n=1 
where 
x(t, n) = [ou n)s*(t — t,n) dt (4.3) 


represents the CAF relative to the mth batch. This CAF implements the matched filter 
and, therefore, the pulse compression. It is, therefore, straightforward to conclude 
that x(t, n) represents the target range profiles over the slow-time variable n. After 
the ‘target extraction’, a sub-image of the target of interest, 7, is obtained, namely 
x(t, v). According to (4.2), the target range profiles, x2?(r,n), can be obtained 
by applying an IFT along the Doppler coordinate, as follows: 


xa, n) = IFT{ x, v)} (4.4) 
This is performed in the ‘Doppler IFT’ block. 


4.2.2 Merging of RD maps and ISAR data formation 


The target phase history is a continuous function of time and depends on the target 
bistatic distance over time. Because of the limited computational resources, a number 
of M RD maps are formed by processing adjacent time intervals of length Tin. 
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However, to reach finer Doppler resolutions and, therefore, get effective ISAR 
images, we should observe the target for a longer observation time, Tops. This can be 
obtained by coherently concatenating along the slow-time domain the target echoes 
computed at each processing intervals. In other words, the target range profiles, x 
obtained at each processing interval, m = 1,2,...,M, are joined along the slow-time 
domain. Figure 4.7 shows an example of the merged range profiles of the target i = 8 
in Figure 4.5 after the concatenation process. 

Finally, the 2D ISAR data in the frequency/slow-time domain can be obtained 
by Fourier transforming the target range profiles, x,.(t,). The ISAR data is derived 
hereinafter. 

Let the geometry be represented by Figure 4.8, where T, and T; are the Cartesian 
reference systems embedded in the target and centred at the transmitter coordinates, 
respectively. Rr, Rrrx and Reyrg represent the transmitter—target, transmitter— 
receiver and receiver—target distances. The receiver is composed of two antennas, 
one pointing towards the transmitter, A,.¢, and the other pointing towards the area 
to be monitored. Being the PR working in a bistatic geometry, the bistatic ISAR 
theory can be applied in this framework. According to this theory, an ISAR image 
obtained in a bistatic geometry is the one that would be obtained by using a monos- 
tatic radar, namely the bistatically equivalent monostatic (BEM) radar located along 
the bistatic angle £ bisector, unless the bistatic angle changes during the observation 
time are negligible as demonstrated in [9]. The target angular motion with respect 
to the BEM radar can be described by means of the effective target angular rotation 
vector Rep (t). 
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Figure 4.7 Range profiles of target 8 obtained by concatenating all the E for 
m= 1, 2, 3, ..., 25. The dark lines are meant to identify the target range 
profiles x" extracted from each one of the 25 RD maps 
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Figure 4.8 System geometry 


The backscattered echo by a moving target can be written as follows: 
Ssury(t) = i Z(X)Syep (t = t(t;x)) dx (4.5) 
4 


where T(t; x) = (R (t; x)/c), R (t; x) is the bistatic distance between an arbitrary point 
on the target, the receiver and the transmitter, x is the vector locating the point of 
the target in the coordinates system embedded on the target, c is the light speed in 
vacuum (c ~ 3-108 m/ s), V is the spatial domain where the target’s reflectivity 
function g(x) is defined. 

By assuming the target stationary during the batch interval, T,, the delay-time 
can be approximated as Tx(t; x) = Tx(n; x). By referring to [7,12] and Figure 4.6, (4.5) 
can be reformulated as shown in (4.6). 


Np 


Sut) = > f i / g(x)s, (t — T(n; x) — nTp, n) dx (4.6) 
n=1 y 


According to (4.3), the target range profiles can be written as follows: 


rales = fff ec f s0- roosie- tm de dx (4.7) 
fie 
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By inverse Fourier transforming x,-(t,) with respect to the delay-time domain, 
the signal X..(f, n) in the frequency/slow-time domain is obtained as follows: 


Xeclf n) = FT[Xec(t,1)] 


= If aco fse — T(n; x), n) | s(t — t, nje" dt dt dx 


t=—00 


= f / / / s(t — t(n; xX), )S*(f, ne?" dt dx 


= [ff SSE e dx 
J 


= |S (f, n? 1 i / a(xje PIT" dy (4.8) 
y 


where S,(f, 7) is the IFT of s,(t, 7). 
The delay-time of a scatterer of the target can be written as follows: 


Ren) _ (Rrx(n) + Rax()) 
c 


È 


T (1; x) = 


(4.9) 


where Rrx(n) and Rpx(n) are the distances between the scatterer and the transmitter and 
the receiver, respectively. When the target size is much smaller than both the target- 
transmitter and target—receiver distances, the straight-iso-range approximation can be 
applied, therefore both Rrx and Rp, can be approximated as shown subsequently: 


Rrx(n) = Rro(n) + X- iros, r (n) 


(4.10) 
Rrx(n) = Rro(n) +x. izos R(n) 


where Rro and Rpo are the distances between the centre of the reference system, T, and 

the transmitter and the receiver, iz,s 7 and iz,s.z are the unit vectors which identify the 

line of sight (LoS) of the transmitter and the receiver and - means the inner product. 
Therefore, by exploiting (4.10), (4.9) can be reformulated as follows: 


ice [Roo(n) + K(x: iros s00] (4.11) 
where 
Rpo(n) = ao 


izos,r(n) + izos,R(n) 


lizos,r(n) + izosR(n)| 


izos,3(”) = 
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where §(n) represents the value of the bistatic angle at time n (see Figure 4.8 for the 
geometrical interpretation of 6). Equation (4.8) can then be rewritten as follows: 


Katt, n) = IS-(f, n)|? o-r ERB o0) Ii g(x)e tek irosB0) dx (4.13) 
4 


4.3 ISAR image processing 


As depicted in Figure 4.1, the ISAR processing is mainly composed of two blocks: 


The ‘best frame selection’ block that aims at finding the coherent processing 
interval (CPI) that gives the best ISAR image. When the target motions are too 
complex, the effective target rotation vector, Rep (t), may change over time. Under 
these circumstances, a well-focused ISAR image cannot be obtained by process- 
ing the entire Toss. Therefore, a CPI smaller than the Tops should be properly 
chosen to meet this requirement. How to choose the optimal CPI depends on 
what meaning is given to the term ‘best frame’. As for example, in [13], ‘best 
frame’ means the time intervals that give the ISAR image with the higher image 
contrast (IC). In [14], instead the criteria to select the best time interval to process 
are based on a combined function of the ISAR image IC and Doppler spread. 
The ISAR processing is composed of the autofocusing and the image formation 
steps. The autofocusing aims at removing the phase term outside the integral in 
(4.13) that depends on Rg o (n). Numerous algorithms have been proposed in the lit- 
erature to accomplish this task, for example the IC-based autofocus (ICBA) [15], 
the image entropy-based autofocus [16], the phase gradient autofocus [17,18] to 
cite a few. After autofocusing, the range—Doppler approach is typically used to 
reconstruct a 2D ISAR image. This algorithm makes use of a 2D fast Fourier 
transform (FFT). The FFT requires that data is uniformly sampled in the data 
domain. This in turn requires a small target aspect angle variation in the observa- 
tion time (as it will be clarified in next subsections). The ‘best frame selection’ 
can be used to limit the CPI and then meet this requirement as well. When wide 
rotation occurs, different ISAR image reconstruction algorithm should be imple- 
mented that does not use FFT and that uses the a priori known or an estimate of 
the modulus of the target-effective rotation angle. 


The following sections will focus on the ISAR image reconstruction algorithm. 


4.3.1 Conventional ISAR imaging 


Following [7], after target’s motion compensation, by assuming that the effective 
target rotation vector can be approximated constant within the CPI and by choosing 
the Cartesian reference system Ty so that x3 is aligned with Rep, the ISAR data can 
be rewritten as follows: 


Xel f n) = W(f,n) / f a(x, x Je TOKWA) des dx (4.14) 


x xn 
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where a (x1,x2) = f. , ZQ) represents the projection of the target 3D reflectivity func- 
tion onto a 2D plane, namely (x1,x2) that is called the image projection plane, 
W(f,n) = |S,(f,n)|?(u(n) — u(n — N)) is the support band where the target echo 
is different from zero, u(n) is the unit step function and 


2f 
Xı = — cos(QepnT,) 

i. (4.15) 
X> = a sin(QepnT,) 
are the spatial frequencies. Under the hypothesis of small target aspect angle variation, 
namely |QepTobs| < 1, the functions in (4.15) can be approximated at the first order 


of their Taylor series and the target echo can be approximated as follows: 


2 
XA f,n) = Wf, m ff aces) exp —j27 (a2 +z), dx, dx, 


Xi x2 


(4.16) 


By substituting variables (x1, x2) with variables (t, v), (4.17) can be rewritten as 
follows: 


Xel fan = CcC. wem f faca —j2u(tf + vnT,), dt dv (4.17) 


where 
2Koxı 
C= 
. (4.18) 
es 2foKo QeyxX2 


Cc 


C = (c’/4foKj Qep) is a constant term due to the change of variables in the 
integrals and K(n) ~ Ko. 

Differently from active radar systems, PR systems do not transit the same 
waveform over time but it changes from sweep to sweep since it depends on the 
transmitted information content. For example, DVB-T signals depend on the trans- 
mitted OFDM symbols. Because of that, the received signal cannot be modelled 
as a deterministic signal but rather as a random signal as it varies among different 
sweeps and acquisitions. This could be an issue for the evaluation and prediction of the 
P-ISAR performance. Only the statistical average of the algorithm performance can 
be estimated. To do that, the statistical average of the received signal is defined: 


X,A(f,n) = C- wefan f faca —j2n(tf + vnT,), dr dv (4.19) 


where X..(f,n) = E{X..(f,n)}, W(Uf,n) = E{W(f,n)} and E{-} represent the 
statistical average operator. 
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In a real scenario, both (f,n) and (t, v) are discrete variables. It is, therefore, 
appropriate to write the signal as a function of discrete variables, defined as follows: 
f=fotrAf m=0,1,...,R-1 
vy = qA, q=0,1,...,.N-—1 (4.20) 
Tp = pA, p=0,1,...,R-1 
where Af is the frequency step, A, = (1/T7,,,) is the Doppler frequency resolution 
and A, = (1/M Af) is the delay-time resolution. Therefore, the signal in (4.17) can 
be rewritten as follows: 


R-1 N-1 


X(T, n) = C- exp -2m fot = > a(q,p) exp —j27 


p=0 q=0 


rp 
M 


exp —j27 g 


y (421) 


where the term exp —j27 fot is a nuisance phase term that only causes a range shift 
in the image domain and does not affect the ISAR image quality. 

Equations (4.17) and (4.21) show that the P-ISAR data and the 2D target reflec- 
tivity function a(t, v) are linked by a 2D continuous and discrete Fourier transform, 
respectively. Therefore, under the hypothesis mentioned earlier, the P-ISAR image, 
which is an estimate of w(t, v), can be obtained by applying a 2D Fourier transform, 
as follows: 


I(t, v) = 2D-FT{X..(f,0)} (4.22) 


This method is typically called range/Doppler algorithm. Its standard output is an 
ISAR image in a hybrid domain, namely range/Doppler domain. To sizing the target, 
an ISAR image in a fully spatial domain is needed. This can be done by converting 
the Doppler axis in Hz to the cross-range axis in m. This operation resorts to a scaling 
operation. But the scale factor to convert Hz into m depends on the modulus of the 
target effective rotation vector, Qep. An algorithm has been recently proposed [19] 
to estimate it directly from the acquired data, which also applies to the PR imaging 
scenario. 


4.3.2 CS-based ISAR imaging 


As already highlighted in Section 4.1, in this chapter, the CS theory is applied to 
reconstruct ISAR images by using incomplete data caused by spectral gaps, in fre- 
quency and/or slow-time domains, in which no signal is transmitted. From now on, 
it will be assumed that motion compensation has been correctly performed and only 
the image formation problem will be considered. From CS point of view, the Fourier 
transform represents the dictionary that projects the ISAR data onto a domain in which 
the data is sparse, namely the image domain. In ISAR framework, the sparsity degree 
is then represented by the number of scatterers composing the target. If this number 
is small compared to the image size, the ISAR data is said to be sparse. The fewer the 
scatterers, the higher the sparsity degree, and the more compressible the ISAR image. 

Here, the input data is meant to be an incomplete version of the complete data 
(in which some entries are equal to zero). The data incompleteness can be either 
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in the frequency or in the time domain or both and can be due to several factors: 
memory resources reduction, co-channel interferences avoidance, missing data, etc. 
The sensing process consists of discarding elements from the complete data so as 
to create an incomplete data. This can be done intentionally or can be an intrinsic 
property of the acquired data because of, for example, missing channels as in the case 
of DVB-T PR. 

Hereinafter, the ISAR signal model will be presented in the framework of CS 
theory. Equation (4.21) can be written in a matrix form as follows: 


Xe = D, Q07 (4.23) 


where X,,. represents the averaged data matrix in the frequency/slow-time domain, ®, 
and ®, represent the Fourier dictionaries in frequency and slow-time, respectively, and 
Q is the P-ISAR image, where the value and the position of each element correspond 
to the reflectivity and location of a scattering centre. 

An element Q,,, Æ 0 indicates that there is a scattering centre with coordinate 
(p,q) in the image. 

A further refinement of the image grid can also be performed to reduce the 
pixels spacing in the ISAR image. Let the size of Q be P x Q and P > RandQ >N. 
Therefore, the two matrices ®, and ®, are defined as follows: 


®, = [P0 ®.1, sey ®, pı] (4.24) 
©, = [Bo 1... 80-1] (4.25) 


where ®,, = [exp —j270/P exp—j2m1/P --- exp—j2n(P — 1)/P]" and ®,, = 
[exp —j270/O exp —j271/O --- exp—j2x(Q — 1)/O]’, and p=0,1,...,P—1 
andg=0,1,...,Q-1. 

The signal as defined in (4.23) is the complete data, which is the data without 
spectral gaps. The actual acquired data can be interpreted as the signal at the output 
of a sensing process and can be rewritten as follows: 


X = 4,0,20 V = 0,20! (4.26) 


where W, and Y, represent the sensing matrices along the frequency and slow-time 
domain, respectively, and ©, and ©, are the partial Fourier matrices. 
In case only frequency gaps are present, the following equation becomes 


X = V,6,267 = @,26/ (4.27) 


that means the sensing processing is only applied along the frequency domain. The 
partial Fourier matrices are obtained from the complete Fourier matrices, ®, and ®, 
by replacing the rows and/or columns corresponding to the gaps with zeros. 

According to the CS framework and considering the influence of the noise, an 
estimate of the ISAR image, Ê, can be obtained by solving the following optimization 
problem: 


Ê = arg max o|l@llo st. |S — O, QO! I]3. <e (4.28) 
Q 


Wide-band multi-look passive ISAR 123 


where ||-||9 denotes the /)-norm and corresponds to the number of non-zero compo- 
nents in Q, ||-||~ denotes Frobenius norm of a matrix and £ is a small constant bounded 
by the noise level. The optimization problem in (4.28) can be solved via the 2D-SLO 
algorithm [8]. 

It should be pointed out that the scope of the CS is not to recover the missing 
data but to reconstruct the ISAR image. Conversely, we are also interested to test 
the ability of the CS to extrapolate the received signal in a wider bandwidth. An 
extra step is necessary to estimate the complete data in the spectral domain (namely 
frequency/slow-time). This can be done by projecting the estimated ISAR image & 
back to the spectral domain as follows: 


X = 0,907 (4.29) 


where Ê is the solution of Q provided by solving (4.28). 
This extra step serves the purpose to form a Fourier-like ISAR image. Then a 


2D-FT can be applied to X in order to obtain an ISAR image fairly comparable with 
the one that is obtained by applying the 2D-FT directly to the complete data, X. 


4.4 Results 


Results obtained by applying the proposed P-ISAR processing to real measurements 
are shown in this section. Two datasets are used to test both ‘conventional ISAR 
processing’ and ‘CS-based ISAR processing’ algorithms. Two different PR demon- 
strators have been used to acquire the two datasets used in the following subsections. 
The first one has been developed at the Warsaw University of Technology (WUT) in 
Poland. The latter has been developed at the Radar and Surveillance System (RaSS) 
Laboratory of the Italian National Inter-University Consortium for Telecommunica- 
tions (CNIT) and is permanently installed at the Navy Academy in Livorno. Both 
PR demonstrators were installed at the facilities of the Vallauri Institute of the Naval 
Military Academy in Livorno. Both can operate in the VHF band. Both are able to 
acquire a multi-frequency channel DVB-T signal, but the WUT-demonstrator is able 
to acquire a signal with a larger instantaneous bandwidth. During experiments, both 
have used the DVB-T transmitter installed in Monte Serra near Pisa (Tuscany, Italy) as 
illuminator of opportunity (IO). The acquisition geometry for both systems was nearly 
the same and is depicted in Figures 4.10 and 4.11. Many targets were present during 
the measurements and some of them were cooperative, therefore quipped with GPS 
systems. Other targets were non-cooperative and were mainly cargo vessels leaving or 
approaching the Livorno harbour. The target pictures and target sizes are summarized 
in Figure 4.9 and Table 4.1. 


4.4.1 Cooperative targets — WUT system 


The first set of results has been obtained by using the PR system developed at WUT. 
The system is composed of five receivers realized with COTS components. One 
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Figure 4.9 Targets pictures 


Table 4.1 Targets sizes 


Length [m] Wide/wingspan [m] Height [m] 


Astice 33.25 6.47 12 
P92 7 15 — 
Anna-Sophie 134 23 — 


channel is the reference channel and the others are the surveillance channels located 
as shown in Figure 4.10. 

More precisely, two antennas are at the site A and two others at the site B. The 
hardware was able to acquire up to 60 MHz of instantaneous bandwidth. GPS systems 
have been used to synchronized the data. Three cooperative targets were present during 
measurements, namely an aerial target P92 and two vessels, MBN and Astice. The 
targets’ trajectories measured via GPS systems installed on board of such targets are 
shown in Figure 4.11. 

The image in Figure 4.12 represents the RD map corresponding to an observation 
time of 500 s and obtained by superimposing RD maps relative to CPIs equal to 2 s 
and distant 5 s each. 

The image in Figure 4.14 shows an example of a 2 s length time burst of acquired 
data, in the frequency/slow-time domain. As can be noted, each frequency channel 
has a different mean power. This may affect the range resolution. To avoid range 
resolution degradation, power equalization is required at each frequency channel. 
Moreover, it is possible to observe the gaps between frequency channels. These gaps 
give rise to grating lobes along the range domain. Two data bursts relative to two 
targets, namely ‘Astice’ and ‘P92’, have been analysed and results are shown in the 
following subsections. 
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Figure 4.11 Targets trajectory during measurements 


4.4.1.1 Passive-ISAR imaging results: Astice 

Results shown in this section are obtained by processing the fourth 2 s length time 
batch. Figure 4.13 shows the RD map where the rectangle represents the cropped area 
around the target of interest, namely ‘Astice’. 

Images in Figure 4.14 represent the data after back projecting the cropped sub- 
image into the frequency/slow-time domain. The images on the left and on the right 
represent the data before and after the equalization, respectively. 

Images in Figure 4.15 represent the range profiles before and after motion com- 
pensation performed via the ISAR processing. As can be noted, the target experiences 
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Figure 4.12 RD map relative to 150 s of data. This RD map has been obtained by 
incoherently sum in amplitude each RD map obtained at each CPI. 
The CPI length is 2 s. CPIs was separated by 5 s 
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Figure 4.13 RD map relative to the fourth CPI. The rectangle represents the target 
sub-image extracted by the ‘Target extraction’ block 
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Figure 4.14 Target echo before (left) and after (right) power equalization 
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Figure 4.15 Target range profiles before (left) and (right) autofocusing 
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Figure 4.16 Target RD image before (left) and (right) ISAR processing 


a range migration which is compensated by the autofocusing algorithm processing. 
Here, we have implemented the ICBA-based autofocusing technique. 

Images in Figure 4.16 show the radar images of the target in the range/Doppler 
domain before and after the ISAR processing. These results have been obtained by 
using the entire bandwidth, namely B = 60 MHz. 
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Figure 4.17 Target ISAR images at different range resolution levels. From 
top-left-hand corner B = 8 MHz, B = 24 MHz, B= 4 MHz and 
B=56 MHz 


As it can be noted, the target is focused and this is also confirmed by peak level 
that increases when ISAR processing is applied. To show the benefit in terms of 
range resolution of coherently adjoin adjacent DVB-T, ISAR images at lower range 
resolutions have been obtained by selecting a reduced number of frequency channels. 
The aim is to show the range resolution increase when multi-frequency P-ISAR is 
used. 

Figure 4.17 shows ISAR images obtained by using one DVB-T channel (B = 
8 MHz), three DVB-T channels (B = 24 MHz), five DVB-T channels (B = 40 MHz) 
and seven DVB-T channels (B = 56 MHz). 


4.4.1.2 Passive-ISAR imaging results: P92 


Results shown in this section are obtained by processing the 16th, 2 s length time 
batch. Figure 4.18 shows the RD map where the rectangle represents the cropped area 
around the target of interest, namely ‘P92’. 

Images in Figure 4.19 represent the data after back projecting the cropped sub- 
image into the frequency/slow-time domain. The image on the left and on the right 
represents the data before and after the equalization, respectively. 

Images in Figure 4.20 represent the range profiles before and after motion com- 
pensation performed via the ISAR processing. As can be noted, the target experiences 
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Figure 4.18 RD map relative to the fourth CPI. The rectangle represents the target 
sub-image extracted by the ‘Target extraction’ block 
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Figure 4.19 Target echo before (left) and after (right) power equalization 
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Figure 4.20 Target range profiles before (left) and (right) autofocusing 
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Figure 4.21 Target RD image before (left) and (right) ISAR processing 


a range migration which is compensated by the autofocusing algorithm processing. 
Here, we have implemented the ICBA-based autofocusing technique. 

Images in Figure 4.21 show the radar images of the target in the range/Doppler 
domain before and after the ISAR processing. These results have been obtained by 
using the entire bandwidth, namely B = 60 MHz. 

Also, in this case, the improvement in the image focus degree is evident and 
confirmed by peak level that increases when ISAR processing is applied. To show 
the benefit in terms of range resolution of coherently adjoin adjacent DVB-T, ISAR 
images at lower range resolutions have been obtained by selecting a reduced number 
of frequency channels. The aim is to show the range resolution increase when multi- 
frequency P-ISAR is used. 

Figure 4.22 shows ISAR images obtained by using one DVB-T channel (B = 
8 MHz), three DVB-T channels (B = 24 MHz), five DVB-T channels (B = 40 MHz) 
and seven DVB-T channels (B = 56 MHz). 


4.4.2 Non-cooperative targets — SMARP 


The second set of results has been obtained by processing data acquired by means 
of SMARP PR demonstrator. The SMARP system has been developed by the RaSS 
Laboratory of the Italian CNIT in the framework of the Italian National Plan for 
Military Research. The SMARP particular features are listed as follows: 


e It is equipped with a multiband receiving array antenna and operating at both 
UHF and S bands, with dual polarization reception. 

e Jt makes use of software-defined receiver based on commercially available 
solutions. 

e It implements digital array processing techniques and advanced radar signal 
processing algorithms implemented on COTS processing architectures. 


Such features allow the use of both DVB-T and UMTS IOs for detection and 
tracking of targets in the range—Doppler map. Moreover, the use of array process- 
ing allows for the estimation of the target DoA thus allowing for accurate target 
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Figure 4.22 Target ISAR images at different range resolution levels. From 
top-left-hand corner B= 8 MHz, B = 24 MHz, B = 40 MHz and 
B=56 MHz 


localization. Radar imaging functionality is instead activated on demand by using a 
wider bandwidth signal. Signals with wide enough bandwidth may be obtained for 
example by coherently combining adjacent DVB-T or UMTS channels. A picture of 
the SMARP system is in Figure 4.23. SMARP is permanently installed at the Naval 
academy (CSSN-ITE) facilities in Livorno (Italy) and is located close to the reference 
antenna of the PR system developed at WUT and represented in Figure 4.10 as a white 
dot near the label ‘REF’. 

The antenna system is composed of a single element reference antenna and four 
linear arrays, two for each band, composed of eight path antennas each. The UHF- 
and S-band antennas operate in the frequency ranges 470—490 and 2,100-2,200 MHz, 
respectively. The synchronization signal generator provides a reference signal that 
permits a synchronous and coherent multichannel acquisition. The generation of the 
reference signals has been achieved in the SMARP demonstrator by using a clock 
distribution unit. Further technical details on SMARP can be found in [20]. 

During measurements, a cooperative target, namely ‘Astice’, was equipped with 
GPS system in order to track it along its trajectory. Non-cooperative targets were also 
present at the time of the measurements approaching or leaving the Livorno harbour. 
Non-cooperative targets were cargo vessels of large size. Subsequently, only results 
relative to a non-cooperative target are shown. The ISAR image of targets quite larger 
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Figure 4.23 SMARP passive radar system and its main hardware component 


than the range resolution appears as composed of a large number of scattering centres. 
When this occurs, the ‘cross-range scaling’ algorithm gives more accurate results and 
ISAR images in a fully spatial coordinate system can be generated. An automatic 
identification system receiver has been used at the PR location to gather information 
about the observed target and, more specifically, its Maritime Mobile Service Identity 
number so as to know target sizes and type and its trajectory that may help to test 
detection and tracking algorithms and target orientation with respect to the radar LoS 
during the observation time. 

Effective ISAR images can be obtained by using large bandwidth signals and by 
observing the target for a long enough integration time. This is because the range 
resolution is inversely proportional to the signal bandwidth and the Doppler resolu- 
tion is inversely proportional to the observation time. When the system operates in 
the ISAR mode, the data has to be acquired continuously for a long enough obser- 
vation time. In these experiments, data is acquired for 40 s continuously. To reach 
fine-enough range resolution, a wideband signal needs to be acquired. In this exper- 
iment, the SMARP system acquires a signal composed of three adjacent DVB-T 
channels. The signal bandwidth was 24 MHz. All the moving targets underwent com- 
plex motion either because they were manoeuvring or because of the sea state that 
during the experiments was moderate. As a consequence, well-focused ISAR images 
are obtained by processing data in time intervals shorter than the whole observation 
time. Therefore, the ‘best frame’ selection has been applied that gives a sequence of 
ISAR images. The ‘best frame’ selection algorithm applied here is based on the IC 
value as described in [13]. 

Figure 4.24 shows a sequence of four ISAR images of the selected target. Each 
ISAR image has been obtained by processing a different CPI as detailed in the figure 
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Figure 4.24 Passive ISAR images of target ‘Anne-Sophie’ obtained by processing 
(from top-left-hand corner), 21, 2, 2 and 4 s, respectively. Each frame 
of data is centred on a different time instant. The time intervals 
between two subsequent ISAR images are 2 s from the first and the 
second ISAR image, 6 s from the second to the third ISAR images and 
12 s from the third and the fourth ISAR images 


caption. As it can be noted, the target changes its orientation in the range/cross-range 
plane. This is caused by the target-effective rotation vector, 2.4, change in time. 
The images in Figure 4.24 are in the range/Doppler domain. In such a domain, it 
is not possible to sizing the target. An ISAR image in a fully spatial coordinate system 
is then obtained by applying the cross-range scaling algorithm proposed in [19]. This 
algorithm aims at estimating the modulus of Rey in order to use (4.18) to convert 
Doppler coordinates into cross-range coordinates. This algorithm relies on the fact 
that the phase term of each scatterers contains information on Qep. In particular, the 
chirp rate of each scatterer, namely the rate at which its Doppler frequency change 
over time, is a function of both its range coordinate and Qep. More specifically, a 
scatterer range coordinate and chirp rate are linearly dependent and the slope of this 
straight line is a function of Qep. The algorithm then works following this work-flow: 


e Extract the brightest scatterers that compose the target. Each scatterer range 
coordinate is also estimated. 
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e Estimate the chirp rate of each scatterer by using for example a polynomial Fourier 
transform. 

e Estimate the straight line that better approximates the cloud of points in the 
range/chirp-rate domain by using a least square error (LSE) approach. 

e Estimate the straight line slope and then Qep. 


Figure 4.25 shows the results of the application of such a processing to the 
ISAR images in Figure 4.24. Images on the left represent the LSE results. Dots are 
the range/chirp-rate pair of each scatterer while the solid line is the straight line 
estimated by the LSE algorithm. Images on the right are instead the ISAR images in 
spatial coordinates. 

CS-based ISAR reconstruction algorithm has been applied to this dataset to test its 
effectiveness to deal with incomplete data. Figure 4.26 shows the P-ISAR image in the 
range/Doppler domain obtained by using conventional RD algorithm and CS-based 
algorithm, respectively. 

As it can be observed, the presence of frequency gaps generates grating lobes in 
the RD ISAR images (on the left side of Figure 4.26) that are slightly mitigating by 
using instead a CS-based algorithm (on the right side of Figure 4.26). Grating lobes 
along the Doppler dimension are due to the fact that the ‘RD maps merging’ block 
introduces slight discontinuities along the slow-time domain. These grating lobes are 
also reduced by applying the CS-based reconstruction algorithm. 

The super-resolution capability of the CS-based ISAR algorithm has been also 
tested. To prove this capability, the full data has been reduced by replacing a number 
of data samples with zeros, as shown in Figure 4.27. The compression rate (CR) is the 
percentage of non-zero data samples after data reduction, with respect to the original 
number of data samples. Figure 4.27 shows data with different CR, namely 100% 
(which corresponds to the full data), 70%, 60% and 50%. 

Conventional RD ISAR algorithm and CS-based ISAR algorithm have been 
applied to the data in Figure 4.27 and results are shown in Figure 4.28. 

The benefit of using a CS-based algorithm is 2-fold: 


e It may deal with incomplete data by preserving the spatial resolutions that would 
be reached with a complete data. 

e It has super-resolution capability by extrapolating over the available spatial fre- 
quency. In fact, by comparing images on the right side of Figure 4.28 with the 
image in the top-left-hand corner of Figure 4.24, it can be noted that the main 
target scatterers are correctly reconstructed. 


Obviously, the accuracy of this algorithm has some limits, among all the high- 
computational time and a limit on the maximum CR, that guarantee a proper image 
reconstruction that is linked to the data sparsity degree, which is however unknown. 
A more detailed analysis of the SR capability of the CS-based ISAR algorithm can 
be found in [21]. 
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Figure 4.25 Fully scaled passive ISAR images 
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Figure 4.26 ISAR images obtained by using a 2D-FT (left) and ISAR images 
obtained by using a CS-based approach (right) 
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Figure 4.27 ISAR data after motion compensation and data reduction at different 
CR. From top-left-hand corner, CR = 100%, CR = 70%, CR = 60%, 
CR = 50% 


4.5 Conclusions 


The P-ISAR algorithm has been reviewed in this chapter. In particular, the theory 
behind the P-ISAR algorithm is provided to fully support the evidence of the PR 
imaging capability. In this chapter, the case of PR using broadcast transmitters as 
IO is addressed. However, the theoretical approach is valid independently on the 
transmitter type. 

An extensive result analysis has been conducted that proves and validates the 
proposed algorithm. Two different PR systems have been used that make use of 
TV broadcast transmitters as IO. Measurements were gathered during trials at the 
Navy academy in Livorno in the framework of the research Task Group SET-196 on 
‘Multichannel/Multistatic Radar Imaging of Non-Cooperative Targets’. 

P-ISAR performance in terms of spatial resolutions is limited by the waveform 
bandwidth and by the operating frequencies. Nevertheless, wider bandwidth may be 
obtained by adjoining more channels, which may produce a resolution fine enough 
to enable automatic target classification. The VHF/UHF band is, however, not com- 
pletely filled by broadcast signals. Therefore, P-ISAR has to deal with incomplete 
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Figure 4.28 ISAR images obtained by processing the reduced data in Figure 4.27. 
Images on the left have been obtained by applying the RD algorithm, 
namely a 2D-FT, images on the right have been obtained by applying 
the CS-based algorithm 


data. A CS-based ISAR approach has been proposed to account for this issue. 
CS-based ISAR algorithm has been proven efficient in case of both narrow and even 
large frequency gaps. The CS-based ISAR algorithm permits to estimate the missing 
data and then reconstruct a full-bandwidth P-ISAR image of the target, obviously, 
at some price and with some limits. The price is a higher computational cost with 
respect to conventional P-ISAR algorithm. But this allows to avoid the artefacts oth- 
erwise present when using standard techniques with incomplete data. The limit of the 
applicability of the CS-based ISAR algorithm is linked with the sparsity degree of an 


Wide-band multi-look passive ISAR 139 


ISAR image. The sparsity degree of an ISAR image is the number of scatterers that 
composes the target image. In general, the more the data is sparse, the less the number 
of the scatterer and the higher the probability to correctly reconstruct the ISAR image 
from a compressed or incomplete data. 


Moreover, beside the well-known advantages of PR systems (among all the 


covertness), P-ISAR provides radar cross-section information of targets at low 
frequencies where active radar typically cannot transmit. 
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Chapter 5 
Radar tomography 


Hai-Tan Tran! and Lorenzo Lo Monte? 


This chapter discusses the principles and applications of radar tomography (RT) in the 
areas of spotlight synthetic aperture radar (SAR), circular SAR, and Doppler—radar 
tomography (DRT). The applications are diverse, ranging from ground and terrain 
imaging, imaging of buried objects under the ground, to high-resolution imaging 
of a small airborne target, or concealed weapons on a human body. The theoretical 
foundation, however, can be elegantly described in the spatial frequency spaces, also 
known as the “k-spaces,” of RT. 

An emphasis of the chapter is on the centrally important role of the k-spaces in 
radar imaging as a design and analysis tool, including a novel type of k-space called 
the “slow-time” k-space. Another emphasis is on the practical aspects of using radar 
tomographic imaging systems. For instance, this chapter discusses the data collection 
requirement and challenges for typical applications, the various image formation 
techniques, and some imaging performance metrics in terms of image resolution and 
image contrast. The chapter also discusses the advantages and disadvantages of RT, 
with the objective of giving the radar engineer tasked with designing such a system 
some realistic options to consider. 


5.1 Introduction 


Radar imaging may be simply described as a spatial mapping of an object, com- 
monly called a “target,” by a radar, taking advantage of its well-known advantages: 
long-range operation under all-weather conditions. RT is one of the several possible 
approaches known to date for radar imaging. Historically, the term “tomography” 
originates from the Greek word “tomo” meaning “slice” or “section”; it reflects the 
close connection to the projection-slice theorem (PST) [1] that is the theoretical 
foundation of this mathematical science area. Nowadays, the term may refer to any 
of several techniques for creating three-dimensional images of the internal structure 
of a solid object by analyzing the propagation of waves of energy, such as X-rays 
or seismic waves, through the object [2]. RT makes use of radio signals, and the 
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“slices” may refer to lower dimensional “cuts” in either the frequency domain or the 
spatial domain. Strictly speaking, these domains are defined fully only within the so- 
called far-field approximation; several authors have nevertheless extended the term 
“tomography” to include algorithms also in the near-field cases. 

From a theoretical perspective, RT is not a new concept: pioneering works in the 
far-field approximation had been reported by a number of authors since the 1980s. 
Since then, related concepts and new applications have continued to be developed. The 
promising advantage of tomography is the exploitation of observations of a target from 
multitude views or aspects: each observation is a projection of a three-dimensional 
(3D) target onto a lower spatial domain. If such observations are sufficiently dis- 
tributed in spatial aspects around the target, then tomography provides a method 
to reconstruct the target from such projections which are coherently ensembled in 
a spatial frequency space. The fundamental mathematical principles of tomographic 
imaging are well covered in [1], while some of the early applications to 2D radar imag- 
ing were reported in [3,4] for spotlight SAR imaging and Doppler tomography [5]. 
Generally, 3D measurements could be processed for 3D target imagery; similarly, 2D 
measurements would lead to 2D imaging. 

The key “system resource” for RT imaging is the spatial diversity in a dynamical 
radar-target system geometry, in addition to any spectral diversity represented by the 
signal bandwidth. Spatial diversity may take the form of angular separations of the 
transmitting and/or receiving antennas, or changes in a target’s aspect due to radar 
platform motion, or the target’s own motion, either translational or rotational, rela- 
tive to the radar antennas. The two system resources are complementary: a wideband 
radar can satisfactorily perform its target imaging function with minimal requirement 
on effective target rotation; and conversely a narrowband radar system must rely on 
sufficient rotational motion or spatial distribution of receivers for imaging. And when 
spatial diversities are required, precise knowledge of the motion or spatial distribu- 
tion of the antennas relative to the target is required for image-focusing algorithms, 
which may present numerous challenges for the imaging radar, particularly in terms 
of channel calibration, synchronization, data communication between the receiver 
channels, and signal processing. 

RT can be regarded as a general framework of radar imaging which reduces 
to “simpler” forms in certain limits, depending on the extent of effective rotational 
motion and the geometry of the transmitting and receiving antennas relative to the tar- 
get. Effective rotational motion is defined by three possible factors: rotational motion 
by a target on its own (relative to its own inertial reference frame), translational motion 
relative to the bisector of the bistatic angle it makes with a radar transmitter—receiver 
system, and the 3D antenna beam widths and modes of illumination. For example, 
relative to a specific spot on the ground, a spotlight or circular SAR which contin- 
uously illuminate it can produce an effective rotation angle that is much larger than 
in the case of a strip-map SAR mode. Indeed, when effective rotation is restricted to 
small angles, RT becomes strip-map SAR or range—Doppler inverse SAR (ISAR); the 
relative motion can then be linearized, motion estimation is simplified (but may not be 
simple), and computationally efficient tools such as the fast Fourier transform (FFT) 
may be applied. When rotational motion is extended to wider angles, high-resolution 
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imaging must rely on precise motion models; in this case, RT becomes spotlight 
SAR, circular SAR, or “polar-formatting ISAR imaging.” Alternatively, processing 
techniques, such as Doppler cross-range profiling and sparse signal reconstruction, 
may be necessary, and RT may be called “augmented DRT.” 

Another important advantage of RT is that the underlying algorithms do not pose 
restrictions on the shape of a radiated waveform when adequate geometric diversity is 
available. This is in contrast with classical SAR/ISAR imaging algorithms, where the 
waveform should have good pulse compression properties to avoid range sidelobes. 
As such, RT is appealing to passive modes of operation and noncooperative scenarios, 
where the waveforms may not have good pulse compression properties. In favorable 
geometries, RT can achieve sub-wavelength resolution, regardless of the bandwidth, 
although additional higher bandwidths would lead to lower sidelobes in the point 
spread function (PSF) and hence better image contrast. 

From a practical application perspective, extensive demonstrations have been 
reported in recent years, most of which serve to verify or validate the fundamental 
claims. The main driving factors and challenges prompting such developments are 
summarized in the following. 

A first challenge is the fact that the RF spectrum available to radar operation 
is becoming increasingly congested or denied. The scenario may also be hostile with 
the presence of electronic support/electronic attack (EA) assets. Capabilities of gen- 
erating high-quality SAR/ISAR imagery using traditional wideband radars may thus 
be compromised. 

A second challenge is the use of imaging systems designed mainly for 2D objects 
for highly 3D terrains, with abrupt elevation changes, such as buildings and canyons. 
Existing commercial SAR systems usually offer both strip-map and spotlight modes 
of operation [4]. Circular SAR [6] provides exquisite image resolution as well as 
greater information concerning a threat due to reduced shadowing, foreshortening, 
and speckle effects. In their classical implementation, all of these SAR modalities 
often assume that the threat scenario lies over a roughly flat terrain so that the only 
retrievable information is the one of slant-range and cross-range; the elevation infor- 
mation is usually poor or unavailable. Asymmetric warfare has refocused attention 
from open fields to urbanized areas or mountainous regions, which requires situ- 
ational awareness of the vertical dimension. As such, the full 3D information of 
targets and surrounding terrain becomes pivotal for intelligence analysis and informed 
decision-making. See illustration in Figure 5.1. 

Specially designed SAR radars may exploit additional (interferometric) chan- 
nels to provide information about the elevation angle of the terrain [7]. However, 
their 3D reconstruction capability is challenged when the terrain exhibits sharp 
vertical changes, due to the inability of current algorithms to properly unwrap the 
phase history of the interferometric data. Multi-pass SAR, i.e., SAR data collected 
at different heights, improves the 3D reconstruction capabilities: this technology also 
allows legacy single-channel SAR systems to retrieve (to some extent) the elevation 
information of targets. 

A third challenge is the vulnerability of monostatic systems to EA. For clas- 
sical ISAR [8], the illumination and observation points are usually colocated, i.e., 
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Figure 5.1 Abrupt changes in urban terrain elevation may pose problems for 
conventional SAR imaging 


Figure 5.2 3D image reconstruction from 2D projections 


monostatic, which may be readily located and jammed. The covertness of a bistatic 
receiver in a distributed ISAR system may be useful as an electronic protection. Fur- 
thermore, when a target does not change its aspect angle relative to the monostatic 
radar, by heading directly to it for example, ISAR images cannot be formed. A dis- 
tributed setup of transmitters and receivers can be useful in such a scenario and may 
also offer additional spatial diversity for target imaging. In a multistatic system using 
a mix of coherent and incoherent signal processing, a 3D image could be formed 
using tomographic principles of “reconstruction by projections” [9], as illustrated in 
Figure 5.2. 

Hardware issues can also be a driving factor; in some instances, a narrowband 
operation may be more advantageous than wideband. It can be shown that the signal- 
to-noise ratio (SNR) after pulse compression is independent of the bandwidth of the 
signal. However, classical radar algorithms need the bandwidth to achieve fine range 
resolution. Using a higher bandwidth may not be the best system option overall. 
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Receivers sample 


Transmitters radiate Incident field impinging 
narrowband waveform upon a target generates the scattered field, 
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Figure 5.3 Illustration of tomography as applied to underground imaging of 
tunnels and caches [11] 


For instance, wideband signals may require wideband ADC/DAC, wideband RF 
design, and, most of all, high-throughput signal processing. These requirements may 
increase cost, size, weight, and power. Furthermore, the dynamic range of wide- 
band receivers is usually inferior than for narrowband receivers. Also, high-power 
transmitters are more efficient and easier to construct when operating at narrowband. 

Narrowband operation, especially when combined with frequency hopping, may 
contribute to a capability of low probability of intercept and hence may constitute 
an electronic protection feature. Narrowband operation may also be dictated by the 
propagation medium. Imaging of underground networks, such as tunnels or bunkers, 
is limited to the few narrow frequency windows that are able to penetrate the ground. 
For instance, tunnels below 20-30 m can be “seen” only with a signal having fre- 
quencies up to the few MHz range [10]. Figure 5.3 depicts such an example with a 
distributed system of unattended sensors on the ground, which relay the received sig- 
nals to a common platform for processing. Similarly, foliage penetration and building 
penetration are better achieved using the very high frequency/ultra high frequency 
(VHF/UHF) frequency regime, where the attenuation losses are minimal. 

Narrowband imaging could be extended to passive imaging [12], as illustrated 
in Figure 5.4. The radiated waveform from sources of opportunity may have poor 
correlation properties so that pulse compression may generate high sidelobes. As 
it will be evident later, a distributed system using tomographic principles will be 
able to reconstruct images with less dependence on the correlation properties of the 
waveform, since image resolution is in principle determined predominantly by the 
wavelength of the carrier frequency. Some of the theoretical developments of passive 
distributed ISAR are discussed elsewhere in this book. 
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Figure 5.4 Tomography as a possible means to image using illuminators 
of opportunity 


In most applications, the overriding promise of RT is that both spatial and spectral 
diversities are exploited as resources for target imaging, relaxing the requirement 
on spectral bandwidth, which means when spectral bandwidth is not available or 
inhibited, generally a 3D spatial distribution of either the transmitters or receivers or 
both may be used, or the radar platform maneuvering around the target, or the target 
itself undergoing a sufficient rotational motion or change of aspect. 

In terms of system performance, there are at least three desirable characteristics 
that make RT very promising in a future practical radar imaging system: adaptability, 
modularity, and graceful degradation. 


5.1.1 Adaptability 


In some inaccessible or remote areas, sensors may need to be ejected at a stand-off dis- 
tance and their placement on the ground is somewhat arbitrary. A distributed imaging 
system should be able to operate even when the sensor distribution is random, within 
some predictable limitations. In some instances, randomization of sensor locations 
could even be beneficial by reducing sidelobes in the reconstructed image. 


5.1.2 Modularity 


The imaging system would be intrinsically modular, i.e., the addition/removal of 
active elements is easily implemented: there is no prior requirement of the number of 
active elements, and the image quality is somewhat directly related to their number, 
in addition to their location. This implies that the failure of a set of transponders does 
not compromise the overall system but may affect the accuracy and resolution of the 
image reconstructions. 


5.1.3 Graceful degradation 


Distributed imaging should provide the user with a situational awareness of the 
scene. Particularly, the persistence is guaranteed by the multitude of sensors, and 
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the unintentional (obstruction) or intentional (sabotage) failure of some 7x/Rx units 
does not preclude the overall image reconstruction process. 

The rest of this chapter aims to provide a cohesive and comprehensive theory of 
multistatic RT, its various forms, and discusses its current and potential applications. 


5.2 Tomographic image formation 


The processing chain to transform a received radar dataset into a focused target image 
is commonly called “image formation” or “image reconstruction.” To describe this 
processing chain, a mathematical signal model is required which captures the nature 
of the transmit signals, the generally multistatic system geometry, target motion, and 
the received signals. The signal processing algorithms are also required to devise the 
signal model to process the received data and extract the spatial locations of scatterers. 
The resulting radar image of a target is essentially an estimation of the spatial distri- 
bution of its reflectivity as “seen” by the radar system under a particular condition. 

The problem formulation has been covered in various texts, such as [13,14]. Here, 
we present a different and more general perspective. 


5.2.1 Signal models 


In this chapter, bold symbols represent 3D vectors, and caret symbols represent 
unit norm 3D vectors. For simplicity, let us first consider a planar multi-bistatic 
system geometry as illustrated in Figure 5.5, which consists of one transmitter 
denoted as 7x and located at rry and M receivers denoted as Rxo, Rx,,...,Rxy-1 
and located at rRxo, rex, - - - , FR(m-1), respectively, with corresponding bistatic angles 
Bo (=0), B1,..., Bu—1 as indicated in the figure. In the special planar geometry, the 
target, transmitter, and receivers all lie a common plane. In more general geometries 
to be discussed later, the transmitter and all receivers may be located anywhere in 
a 3D space and may undergo relative motion as well; their location vectors are all 
expressed relative to the target-fixed reference frame described later. 

A “target” in RT is quite arbitrary; it can be a localized object such as a space 
object, aircraft or vehicle, or a rotor such as helicopter rotor blades, or it can be 
an extended object like a large patch of ground on the Earth’s surface; each can be 
roughly characterized by its “size” and the intrinsic motions. For targets that do not 
undergo their own rotational motion, such as a patch of ground or a vehicle, a local 
Cartesian frame, denoted as .%, with axes (x,y,z) and an origin at the focus point is 
sufficient for the imaging formulation. For targets with intrinsic rotational motion, 
such as a satellite or helicopter rotor, an additional nonrotating frame denoted here 
as J, is necessary, with one of its Cartesian axes chosen to align with the radar line 
of sight (LOS).* Z, shares the same origin (or focus point) with Z and is the frame 
to define the rotational velocity vector @ of the target. .% is the frame for image 
focusing, fixed to the target, with its z-axis aligned along @. For a noncooperative 


*As will be evidently later, it is convenient to choose the LOS from the radar transmitter. 
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Figure 5.5 System geometry for a planar multi-bistatic scenario, with one 
transmitter Tx and M receivers Rxo, Rx), ..., RXm-1 


target, & (and hence the axis of rotation) is not known a priori, so is the (x, y) plane. 
For presentational clarity, Figure 5.5 illustrates a special case when @ is orthogonal to 
LOS, and the y-axis is defined to align with LOS at time ¢ = 0 (a selected reference 
time). The general case of unknown & translates to unknown directions of the vectors 
rz, and rrym Which may be inside or outside the (x, y) plane of Z. 

Regardless of Q, an arbitrary point scatterer (with index p) of the target is sup- 
posed to be located at x,, relative to 7, with a corresponding reflectivity function of 
o (xp). The reflectivity function may be defined virtually everywhere in the 3D space; 
areas or regions that do not have scatterers or reflecting components will simply have 
o (x) = 0. As part of the ubiquitous point-scatterer model, ø is assumed isotropic and 
independent of radar waveform polarization. In the current context, image focusing is 
relative to the origin of Z, hence this may also be described as “focusing to a point” 
(as distinct from “focusing to a line”—a well-known concept in SAR imaging) [15]. 

The transmit and receive signals can be expressed in either the time domain, 
or the temporal-frequency domain, or the spatial frequency domain. However, in 
most applications of RT, the spatial frequency domain is especially useful due to 
the centrally important role of the PST [1]. Consider a known time-domain transmit 
signal s7,(¢), which is related to its “temporal spectrum” S7,(/) and spatial frequency 
“k-spectrum” S7,(k) through 


ne f Su(f) exp j2nfi) df = i: Sre(k) exp(jket) dk, (65.1) 
where 
k = Inf Je = 27 /) (5.2) 


is the classical scalar “wave number,” i.e., angular form of spatial frequency f/c. 
The transmitter is assumed to radiate a waveform of finite or very narrow bandwidth, 
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corresponding to wideband or narrowband/ultra-narrowband operations. Without 
loss of generality, the radiated and scattered waveforms can be considered spherical 
waves (i.e., isotropic radiators). The phase shift and amplitude attenuation measured 
at an observation point due to an illuminating source can be mathematically described 
through Green’s functions for time-harmonic fields. In its simplest form, the Green’s 
function relating the illuminator at rr, with the observation point at x, is [16] 


exp{—jk|r'rx — Xp|} 
Ar|rm —Xpl 


G(rrx,Xpsk) = (5.3) 


The incident field at the point scatterer at x, is simply S7,(k)G(rr, Xp, k). By cascading 
the effect of the Green’s function on the scattered path, the signal received at a receiver 
at rym 1S 


Srim(k) = Stx(k)o (Xp) ( 


$ (= —jk|x, — reall) 


Ar |x) — FReml 


exp{—jk|rr: — Xp|} 
4n|rm — Xp| 


(5.4) 


in the k-domain, which represents the forward electromagnetic model used in RT. 

Strictly speaking, (5.4) involves several simplifying assumptions, even at this 
early stage of the theoretical formulation: it does not account for the polariza- 
tion of the wave, does not include the antenna radiation pattern, and, most of all, 
assumes that o (x,) is independent of the illumination and observation angles, i.e., the 
“point-scatterer model.” In the real world, these assumptions may not hold; they are 
nevertheless useful as a first approximation which can yield at least initial insights 
into the more realistic and complex problems. 

A fully multistatic geometry involving multiple transmitters may be modeled as 
a number of such multi-bistatic systems, with the transmitters employing orthogonal 
waveforms as in the case of MIMO radar systems. Then, (5.4) would remain the same 
except that the quantities rry, Srx(k) and receive signals Srim(k) require indexing also 
with respect to the transmitters, leading to an extra degree of complexity in the signal 
model (refer to Section 5.2.2.2). 

Equations of the form (5.4) lead to two broad classes of imaging methods, 
namely Fourier-based methods and matrix-based methods. The first class makes 
use of the far-field approximation, also known as “Fraunhofer approximation,” which 
assumes that the illuminated target dimension is small compared to both transmitter 
and receiver ranges. This class can allow for computationally very efficient algo- 
rithms to compute images based on the Fourier transform, which is critical when 
dealing with large volumes of data in real time. It also gives rise to the theoretically 
elegant concept of k-spaces. The second class of matrix methods does not assume 
such an approximation and, hence, is inherently more exact and is most applicable 
in near-field conditions, i.e., when the target is an extended target at relatively close 
range to the radar antennas and the plane-wave assumption does not hold. 
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Figure 5.6 Near-field (left) and far-field (right) geometries. Here, r denotes either 
rr, or one of the rrym vectors 


The abovementioned class separation is approximate; some well-known reports 
on near-field radar imaging, such as in [15], have been based also on Fourier analysis. 
We will return to this point later in Section 5.2.3. 


5.2.2 Fourier-based methods 


Fourier-based methods involve some form of linearization to simplify the analysis; 
in this case, linearization is applied to the modulus factors of the Green’s functions 
of (5.3). This section discusses the far-field approximation, the fast-time k-space, 
and the various effects imposed on the resulting imagery by radar waveform, system 
geometry, and relative target motion. 


5.2.2.1 The far-field approximation 

Figure 5.6 illustrates the single-path geometry for this approximation. For the 
phase factor in the numerator of (5.3), the scatterer range on the transmit path is 
approximated as 


Ir — Xp| © rre] — Fre - Xp, (5.5) 


while for the denominator, which affects only the amplitude of the signal return, |r, — 
Xp| © |r|. Here, Fr, is a unit vector in the direction of r7,. Analogous expressions 
can be written for |rgxm — Xp| for the receive paths. The Green’s functions then take a 
simpler form 


exp{—Jklr|} 


G > „k S 
(Xak) 4r lri 


exp{ jk? - xp}, (5.6) 


which will significantly simplify the receive signals. Equation (5.6) also separates 
the bulk translational motion (the first range-dependent phase factor) from the tar- 
get’s local geometry and rotational motion (the second phase factor); the separability 
embellishes the power of the far-field approximation. 
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5.2.2.2 Multistatic fast-time k-space and image inversion 
Again, let us first consider a single-transmitter system. Substituting (5.6) into (5.4), 
the receive signals become 
exp{—jk(|rrx| + |FReml)} 
162? |rr.| |FRxml 


x exp{ jk(Pre + Prom) Xp} (5.7) 


Srum(k) = Srs(k)o (Xp) 


The factors 


exp{—jk(|rrx| + |Frxml)} 
167?|rrx] ITrxm| 


An(k) = (5.8) 


in (5.7), for m = 0, 1,..., M — 1, capture the translational motion of the target as a 
whole and attenuation effects of bistatic ranges, while the next phase term captures 
the structure and rotational motion of the target, relative to the mth bisector. 


The fast-time k-space 
Generally, the 3D vector 
km = —K(rr + Frm) 
= —2k cos(Bm/2) Prism = — (47 /À) cos(Bm/2) Pbism (5.9) 
is defined as the bistatic k-vector for the mth receiver, where £,,, is the corresponding 
bistatic angle and 


ll? + Prem ll2 


is the unit vector along the mth bisector direction. Two remarks could be made: 


Fbis,m =. 


e The minus sign in (5.9) is selected only for convention, so that the final formulas 
resemble the ones commonly used in spotlight SAR and computer tomography. 
(This arises from the choice of rx, Prym, and x, being expressed relative to the 
local target frame.) 

e The magnitude of a fast-time k-space vector is 2 cos(,,/2) times the scalar 
wavenumber k. (See Section 5.2.4.2 for a comparative discussion with the 
slow-time k-space.) 


With the definition in (5.9), the centrally important phase factor in (5.7) for target 
imaging simplifies to exp{—jk» -x,} which directly and simply indicates k,, as a 
spatial frequency space, as x, is a spatial domain we wish to estimate. At each target 
aspect, signal bandwidth (or an equivalent interval of k) defines a 1D spatial frequency 
support, called a “1D k-space.” 

If the target rotates around a constant axis of rotation relative to Prism, the 
k-vectors would sweep out a general conic surface in 3D k-space, with the vertex at 
the origin of %. In the special case of @ orthogonal to LOS, the surface is reduced to 
a 2D k-space, as illustrated [17] in Figure 5.7. The diagram on the left of Figure 5.7 
illustrates the support from a single receiver, for several discrete frequencies, as an 
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Figure 5.7 Illustration of the 2D fast-time k-space for (left) one receiver and 
several discrete frequencies, and (right) five receivers and 
one frequency 


example, while the diagram on the right shows a typical support populated by five 
receivers at various bistatic angles, for a single frequency (for clarity) [18]. A radar 
waveform with finite contiguous bandwidth would replace the circular traces with an 
annulus (or part of) as the support. 

If the target rotates around a nonconstant axis of rotation, or if there are multiple 
antennas viewing at the target from different aspects, the k-vectors generally form a 
region in 3D k-space. Regardless of dimensionality, these regions in k-space are also 
called k-space supports of the imaging radar system. 

More precisely, these are fast-time k-spaces since k in this formulation is defined 
only by the carrier frequency f and the bistatic radar LOS direction, and their axes 
are aligned with the target-fixed local frame defined earlier. 


Populating a fast-time k-space 
We refer to signals populating a k-space support as (derived) “measurement signals” 
or “measurement samples” if a target image can be obtained with an inverse FT 
applied on them. Let us consider the possible forms of such signals. 

Substituting (5.8) and (5.9) into (5.7), we obtain 


Srum(km) = Sr(k)Am(k)o (Xp) exp(—jkm + Xp) - (5.10) 


Under the Born (single-bounce, or “linearized inverse scattering”) approximation, the 
scattered field from a distributed target having reflectivities ø (x,) defined over a 3D 
volume V is simply the linear superposition of its point scatterers, i.e., 


Srum (Kin) = Str(k)Am(k) o (Xp) exp(—jkn Xp) dXp. (5.11) 
il 
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The factors S7,(k) and A,,(k), respectively, represent the effects of radar waveform 
and system motion, which need to be known or estimated. Theoretically, 


= o (Xp) exp(—jkm ` xp) dx, (5.13) 
4 


represents the ideal measurement signals we seek, since the left-hand side of (5.13) 
is a measurable slice of the FT of o (xp) at km, and the PST tells us that by assembling 
those slices in the k-space over a km support, o(x,) can be obtained by an inverse 
transform. However, the division operation in (5.12) is numerically unstable, making 
SRym(Km) an unpractical choice. 

A more practical and robust option is to use matched filtering and translational 
motion compensation (TMC) processing and compute 


where @m(k) is the phase function of Am(k), assumed known or estimated. The factor 
Sr,(k) would have its phase negated and affect the measurement signals only as an 
“amplitude weighting window,” |S7,(k)|?. The values of S/.,,(Km) are then placed at 
k-space locations given by (5.9), which can also be interpreted as the Fourier transform 
of the target’s estimated range profile at the aspect of k. 

An estimation of the reflectivity function, i.e., the theoretical target image, can 
be obtained via an image inversion 


o (Xp) = Jil Um Spon (Km) } exp(jk - xp) dk, (5.15) 
Vk 


where the U,,, symbol represents a union (co-population) in k-space of samples from 
all M receivers. This theoretical expression is simply a classical 3D inverse Fourier 
transform, with V, denoting the combined 3D k-space support. It also justifies the 
term “Fourier-based methods” used for this class of methods. 

In the particular case of spotlight SAR, for example, the sweeping of k may 
be achieved by maneuvering the radar receiver (or transmitter) platform over some 
trajectory around the target. Under the Fraunhofer approximation, no multi-bounce 
scattering assumption and no depolarization effects (i.e., scalar electric fields) are 
included, and there exists a simple Fourier relation between the measured data 
over a prefixed collection trajectory and its associated image, as illustrated in 
Figure 5.8. 


Extension to a full multistatic geometry 

Full multistatics means the radar system generally comprises more than one transmit- 
ter and more than one receiver. As mentioned in Section 5.2.1, the following changes 
(arising from transmitter indexing) are required. For the 3D vectors: rry —> rr; 
Pr > PO, Prism > fs and km —> k®. For the bistatic angles: bm > B®. For 
the signals: Sp.(k) > SP (K), Spem(Km) > Sk), and An(k) > A®(k). Most 
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Figure 5.8 Illustration of relationship between image domain and k-space 


quantities are augmented with an additional dimension, except for the scatterer 
location vectors x, which are referenced to its own target-fixed coordinate system. 

Note that all 3D vectors are expressed with respect to the % frame, which is 
aligned with the transmitter Tx, chosen to be the “reference transmitter”; the direc- 
tional offset of an additional transmitter leads to a corresponding angular offset in the 
common k-space, which in turn may provide a larger volume of support for generally 
3D target imaging [19]. The inversion in (5.15) may be generalized to 


o(X») = I J T| Wate” ( K)| exp(jk -x,) dk. (5.16) 


Here, the symbol Um n represents a union of measurements from all available 
transmitter—receiver channels. 


5.2.2.3 Image focusing controls 

“Image focusing controls” (IFCs) refer mainly to three different processing algo- 
rithms: matched filtering, motion compensation, and channel synchronization, which 
affect the focusing of a target image. While a thorough discussion of these topics is 
beyond the scope of this chapter, a general description is given as follows. 

In most radar imaging systems, matched filtering and TMC, in one form or 
another, are a necessary and integral part of a complete image focusing process; 
channel synchronization is necessary only for multichannel systems. 

Matched filtering is highlighted by the product Spym(Am)S7,(k) in (5.14) which is 
applicable to all received signals from all transmitters; the effect of a nonideal (non- 
impulse) waveform is reduced to a numerically robust amplitude weighting window 
on the k-space support. For active radars in general, this is quite straightforward, since 
the transmit waveform is precisely known and readily available to the radar receiver. 
Interestingly, otherwise “mismatched filtering” can sometimes be useful as a detector 
of phenomena of interest, such as of vibrating targets [20]. Vibrational motion is a 
type of micro-Doppler motion which could manifest itself as a “fuzzy ball” in a 
SAR image, which could be masked in the k-space. For passive radars, S7,(k) may 
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be measured through the reference channel of the system by pointing the reference 
antenna directly at the transmitter; risks of signal contamination by the environment, 
however, do exist. 

TMC processing to estimate the phase factor exp{—j@,,(k)}, on the contrary, 
may not be so straightforward, even when platform motion is under the radar opera- 
tor’s control; errors in the inertial motion units can be significant enough to require 
sophisticated algorithms for accurate compensation. Noncooperative target motions 
in generally multistatic scenarios could be even more challenging, especially in the 
presence of complex 3D target motion. When wide changes of target aspect exist, 
which affect also the locations of the measurement samples in k-space, sufficiently 
accurate estimation of the rotational motion is necessary. 

Channel synchronization includes accurate time stamping across the channels, 
correction for propagation phase differences, and errors in the bistatic angles 8%, to 
ensure that the placements of the measurement samples are at the correct locations in 
the combined k-space referenced to single instant in time. Errors in these estimates 
can have a significant impact on image focusing; a discussion for the narrowband 
cases of these effects is given in [18]. 


5.2.2.4 System diversities 

We have noted that tomographic imaging performance measures generally depend on 
the “size” of the k-space support which can be generated by both signal bandwidths, 
i.e., spectral diversity and the total extent of target aspect (or rotational motion), i.e., 
spatial diversity. The definition of a general bistatic fast-time A-vector in (5.9) namely 


k=-— (=) f cos( 5) This (5.17) 
c 2 


succinctly captures the equivalence of these two types of system diversity. At a single 
radar frequency f and a bistatic angle £, the effective radar frequency is f cos(6/2), 
which implies that cross-range motions of the transmit or receive antennas (which 
result in changes in the bistatic angle during a coherent processing interval (CPI)) can 
be used to generate an equivalent signal bandwidth. 

Figure 5.9 illustrates a simple example in which the radar is monotone at 10 GHz 
and the transmitter and receiver maneuvers are symmetric such that the bisector 
direction at the target remains fixed, r;, is constant, and k traces out an interval 
corresponding to a bandwidth between 9 GHz and 100 MHz. In such case, the received 
samples may be used to form one range profile with resolution ôr = c/(2 x 8.999 x 
10°) © 17 cm. 

More general variations of $ in this example would have fpi changing direc- 
tion as well, leading to some circular-trace population of the samples in the k-space 
[13,14]. In fact, in the previous example, if (say) the transmitter “stays” at the same 
direction while the receiver maneuvers around the target to the other side, the linear 
trace in the k-space in Figure 5.9 would be replaced by an exact semicircular trace, 
as illustrated in Figure 5.10, which projects the generated effective bandwidth on 
both range and cross-range dimensions. When £ is fixed while the target itself is 
rotating relatively to the radar, a circular arc similar to those in Figure 5.7 is formed 
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Figure 5.9 Transmitter and receiver motions can generate an effective wide 
bandwidth for a radar of single frequency 


Figure 5.10 A semicircular trace as the k-space support is formed when the 
transmitter stays fixed at one aspect while the receiver maneuvers 
to the opposite side 


in the k-space. When both target rotation and radar maneuvering exist, a trace with 
arbitrary shape may be expected. Finally, when a nonzero bandwidth also exists in 
the transmit and receive signals, the curvilinear trace is replaced with a 2D support 
with a corresponding “thickness” in the radial k dimension. The fast-time k-space is 
indeed a very convenient tool to describe the equivalence of the spectral and spatial 
diversities: they are two dimensions of the same space. 

The radial component (i.e., along a bisector direction) of the target’s translational 
motion needs to be estimated and compensated—the objective of TMC processing 
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discussed earlier. The orthogonal (cross-range) component, on the other hand, can 
induce a rotational velocity useful for imaging. For the simpler case of a monostatic 
radar, this is given by 


Qr = (F x v)/Ir|, (5.18) 


where v is the target’s translational velocity. Hence, translational motion can be the 
source of induced (or effective) rotational motion—a system diversity for imaging. 

Finally, orthogonal waveform diversity, as in MIMO radar systems, can be useful 
in creating separate channels in a fully multistatic system, with their separate corre- 
sponding matched filtering and TMC processing, to broaden the combined k-space. 
Each type of diversity can be used to enhance the “total imaging performance” of the 
imaging radar system, with an appropriate additional computational cost. 


5.2.2.5 The nonuniform FFT for image inversion 


The inverse transform operation in (5.15) or (5.16) depends on two factors: how 
uniformly (or nonuniformly) the samples are populated in the measurement k-space 
and the overall shape of the support V}. As implied in the definition of a k-vector 
in (5.9), the k-space reference frame is fixed to the target, whereas the direction of 
k-vector is that of the radar LOS, the measurement samples can thus be irregular in 
angle and the shape of V, can be strongly non-rectangular. 

First, for a single-receiver system, when target view extents are more than a few 
degrees, the support V; necessarily takes on a polar (non-rectangular) format. Second, 
when target’s change of aspect (or effective rotation motion) is nonuniform, which is 
very likely in practice, the angular spacing of the samples is also nonuniform. Third, 
ina multi-bistatic geometry, a bistatic angle 8m, which may be arbitrary, can rotate and 
“shrink” the locations of the samples by a corresponding arbitrary cos(6,,/2) factor. 
Finally, due to possible lack of relative motion, V, is most likely to be very different 
from a perfect circular support in 2D or a perfect spherical support in 3D. Any of 
these factors can disrupt the regularity of the samples and remove any symmetry of 
the support V, of a k-space; the inverse transform for image inversion cannot always 
rely on the traditional Fourier transform or FFT. 

It is possible to bridge the gap by performing a data interpolation to a regular grid 
prior to a discrete Fourier transform. Several techniques can be used for interpolation; 
however, the procedures are computationally intensive. A more efficient alternative is 
to use the nonuniform FFT (NUFFT) [21]. This is a recent development that is paving 
the way for tomography to become a technique suitable for real-time processing. 
NUFFTs still have a computational cost on the order of N log, N and can handle 
nonuniformly spaced samples very efficiently. 

The NUFFT has been used in many fields of science, such as medical imaging, 
subsurface sensing, and recently radar imaging [22-24]. In fact, there are two types 
of NUFFT: Type 1 evaluates a nonuniformly sampled Fourier series to a regular 
mesh; this is the typical transformation used to construct an image from k-space data. 
Type 2 evaluates a regularly spaced Fourier series at irregular target points; this is 
a transformation that is useful to determine the k-space for a given image. It finds 
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applications for simulating environments as well as for special iterative techniques 
aimed at reducing the sidelobes of the final image. 

The NUFFT is used also for the companion slow-time k-space described in 
Section 5.2.4.2, for similar reasons. 


5.2.2.6 Image resolution and contrast 

Assuming that IFCs have been processed for all receive signals, then imaging perfor- 
mance depends on how “fully and broadly” the k-space support is populated. Basic 
properties of the Fourier transform generally imply the following: 


e The broader the k-space in both radial (spectral bandwidth) and angular (rotation 
angle) directions, the higher (finer) the image resolution. In other words, image 
resolution can be improved by collecting many range profiles at diverse target 
aspects and/or using waveforms with higher bandwidths. 

e A sparser sample population corresponds to higher sidelobes, hence lower image 
contrast, but it does not significantly impact image resolution. 


2D k-space 

Consider the simpler case of 2D imaging, which results when all k-vectors are copla- 
nar. A numerical example is shown in Figure 5.11, for a hypothetical radar with signal 
bandwidth extending from zero to some maximum frequency, and a full cycle of target 
rotation (i.e., a full view of the target). Image resolution is determined by the extent 
of the k-space, not by the number of samples. Here, two k-spaces have the same 
extent but different sample densities. The PSFs have approximately the same main 
lobe width, i.e., same resolution, but different sidelobe levels, and hence different 
image contrast. 

A detailed characterization of this 2D case is presented in [17] and summarized 
in Figure 5.12. A radar waveform with finite bandwidth typically spans over a certain 
frequency range, giving rise to a donut shape in k-space, with k ranging between 
Kmin > 0 and kmax. The PSF in this case is available in closed form, in terms of the 
Bessel function of the first order (J1), 


27 
go(r) = a [Amax J (kmaxr) ai Kmin J (Kmin?’)] > (5.19) 


where r is a radial deviation from the position of a scatterer. In the limit of Amin = 0, 
the PSF has the lowest sidelobe levels, hence optimal image contrast. The normalized 
response function J;(z)/z, where z = kmaxr, has a shape as shown by the blue solid 
curve in Figure 5.12, with the first zero at zı ~ 3.84. If the first null is used as a 
measure of image resolution, then 


3.84 Amin 

OP Bae.) 09 

is the mainlobe radius of the PSF, a sub-wavelength resolution performance. Note that 
kmax = 4T /Amin, and the first (power) sidelobe (atz ~ 5.2) is —17.7 dB. A “two-sided 


3-dB resolution” measure, also known as the “full width at half maximum,’ may be 
defined as Ar 7% Frpin. 


(5.20) 
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Figure 5.11 A simulation to illustrate the factors affecting image qualities. 
Upper: “thinned” k-space population leading to low image contrast; 
lower: denser population, same support, leading to same image 
resolution and improved image contrast 


In the narrowband limits of kmin © kmax, (5.19) tends to be a simpler form 
involving the Bessel function of zero order, Jo, 


g(r) x Krax Jol kmax”) (5.21) 


a normalized form which is illustrated by the dotted curve in Figure 5.12: the 
first zero of the narrowband response narrows down to z, % 2.41, while the first 
(power) sidelobe level increases to approximately —8.0 dB at z ~ 3.84. Thus, the 
response mainlobe actually reduces but sidelobe levels significantly increase, lead- 
ing to a “grainy and noisy” look in resulting images. This prediction agrees with the 
observation in Figure 5.11. 

In cases of limited view of the target, i.e., partial target rotations or aspects, 
circular symmetry of the k-space is broken, the exact PSF is generally not expressible 
in any closed form, and image resolution is generally not isotropic. However, it can 
be heuristically predicted that target resolution in a certain direction is generally and 
approximately determined by the overall extent of the k-space in that direction, while 
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Figure 5.12 A 2D k-space support (top) and possible mainlobe responses. Blue 
solid curve: kmin = 0, orange curve: Kinin = kmax. Here, z = kmax" 


the density of the populating samples determines sidelobe levels and hence image 
contrast. 


3D k-space 
This case arises when the k-vectors are not coplanar. In the ideal cases of full view, 
the k-space support would generally take the form of a hollow 3D sphere, while 
resolution and sidelobe performance predictions can be expected to be analogous to 
the 2D case. In the practically more likely cases of limited view, numerical analysis 
offers probably the viable means to assess imaging performance. 

Details of derivations on resolution limits in both 2D and 3D cases are included 
in Appendix A. 


5.2.2.7 An experimental demonstration 

3D measurements would be ideal to demonstrate the full capability of RT; neverthe- 
less, 2D measurements can still be useful for concept demonstration in the reduced 
cases of 2D imaging. 
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Figure 5.13 Diagram of the experimental setup showing the location of the two 
vertical metallic rods in a bistatic arrangement 


Here, the experimental investigation reported in [18] is summarized in the cur- 
rent notation. The datasets were collected in the Mumma Radar Laboratory at the 
University of Dayton, Ohio, USA. The laboratory was an anechoic chamber, with 
transmit and receive horn antennas mounted on separate robotic arms which could 
be oriented and positioned with high precision. The experimental target consisted of 
two vertical metallic rods, separated by 19 cm, emulating two point scatterers which 
rotated around a vertical pedestal, as illustrated in Figure 5.13. A wideband waveform 
at X-band was used with stepped-frequency pulses between 8 and 12 GHz, over 101 
regular frequency steps. For each transmitter—receiver configuration, the antennas 
were kept stationary whilst the target was rotated through 360°, at 1° steps. At each 
step, an rectangular single-frequency pulse was transmitted and one sample was taken 
of the received pulse. These samples thus represent the direct frequency-domain mea- 
surements Spym,(k,,). The nominal values of the bistatic angles were 0° (monostatic), 
25°, 35°, 60°, and 90°. These angles, and the propagation phases of the A,,(k) factors 
in (5.11), require some “self-focusing tuning” prior to image processing. 

First, TMC processing and removal of extraneous clutter components specific to 
the lab environment. This was achieved by transforming the frequency-domain data 
to range profile domain and a phase factor Øm(k) such that the center of the sinusoid 
traces is shifted to the center of the range window—a “crude” form of TMC pro- 
cessing, which is sometimes called “range alignment.” Then, signal values in range 
bins outside those occupied by the sinusoidal traces are set to zero—most of the 
clutter is removed, as indicated in Figure 5.14. The data is then converted back to 
the frequency domain, which can be used for investigations on both wideband and 
narrowband tomographic imaging. 

Next, estimations of the bistatic angles m. This could be achieved via either 
comparing the crossing points of sinusoidal traces in range profile domain between 
the monostatic and bistatic configurations or by image contrast. Without going into 
details [18], the refined bistatic angles used in particular this experiment were found 
to be 0°, 18°, 30°, 61°, and 86°. 
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Figure 5.14 Range profiles after laboratory clutter removal and before 
range alignment 


The final step is populating the preprocessed samples and image inversion, using 
the NUFFT. Some of the results are presented in Figure 5.15, ranging from using 
all frequencies available (widest k-space support) to more limited cases in sample 
densities and support extent. 


5.2.2.8 Numerical methods for image optimization 

When the k-space support is finite and irregular, a weighting window may be designed 
for a desirable balance between mainlobe width and sidelobe levels of the PSF, i.e., 
a balance between image resolution and image contrast. Such a weighting window 
would be multiplied with the samples in the k-space support prior to the inverse FT 
processing for image inversion. 

One approximate but promising method for 2D imaging is the “alternate pro- 
jection” method or “projections onto convex sets (POCS)” [25-28]. As explained 
in [27], for example, POCS involves a set theoretic formulation—finding a solution 
as an intersection of “property sets” rather than by a minimization of a cost function. 
Each property set is constructed in such a way that it contains all solutions to the 
problem obeying one particular property; an intersection of all property sets, if it 
exists, obeys all of the properties selected. 

In the present context, one such property is the band-limited nature of the received 
signal—the frequency samples outside the available frequency support are set to zero 
or near zero. The second property is the (iteratively) modified PSF to be within a 
certain tolerance of the desired modified response. 
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Figure 5.15 Experimental results: (a) using all frequencies and all five receivers; 
(b) with 8, 10, and 12 GHz, and all five receivers; (c) with 8, 8.5, and 
9 GHz, and all five receivers; (d) with a single frequency 8 GHz and 
all five receivers; (e) with 8, 8.5, 9 GHz, all five receivers, with 
samples spaced 6° apart; (f) same as in (c) but only with 
half cycle of the target's rotation 
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Figure 5.16 An illustration of the POCS algorithm 


POCS methods are iterative. In radar imaging, a POCS algorithm to compute the 
weighting window is illustrated in Figure 5.16 and can be summarized as follows: 


1. Preset or define the desired modified nonideal PSF (the airy function calculated 
at the carrier frequency is a possible choice); 

2. Set the initial value of all weights in the available k-space support to unity; 

3. Performan inverse FT (either uniform or nonuniform) of the incomplete data. The 
result of this operation is the PSF specific to the transmitter/receiver geometry. 
Generally, the initial PSF may be smeared; 

4. For those values of this evolving PSF that are outside a certain margin of the 
desired PSF, set them to those of the desired PSF. This operation is called a 
“mask”; 

5. The adjusted PSF is transformed back to the k-space domain using a FT, either 
uniform or nonuniform. If the uniform FFT is selected, then all the samples in 
the k-spaces that cannot exist (due to the geometry) shall be set to zero; 

6. The resulting k-space is then transformed back to the image domain, and a new 
mask with more restrictive margins is applied; 

7. These FT/inverse FT iterations are repeated until the designed PSF is contained 
within some tolerances in the mask. 


5.2.3 Matrix-based methods 


The Fourier-based methods for image formation are valid especially in the far-field 
approximation given by (5.5), or equivalently when the target dimension (or area of 
interest) is bounded relative to its range as given by (5.49). Beyond that limit—when 
the target is well within the near field—the k-vector as in (5.9) cannot be linearly 
coupled with a scatterer’s position as (km - xp). A “range curvature” exists which must 
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be fully taken into account [15] (and references therein). In such cases, matrix-based 
methods may be useful, which are closely related to the back-projection algorithm 
(BPA). 

In terms of nomenclature, matrix-based methods are, strictly speaking, not 
tomography; the fundamental PST of tomography does not apply, and there are no 
k-spaces. Nevertheless, in the sense of spatial diversity and the aim of reconstructing 
a 3D target image from multiple spatially distributed receivers, one may again use the 
term “tomography” or “tomographic” for Fourier-based methods. 


5.2.3.1 Near-field problem formulation 
Recall the original forward signal model in (5.4), namely: 


exp{—jk|rr =!) (ae ~ rel) 


Ar |rr. — Xp| 4r |Xp — Frl 


Sre(k) = Sr(k)o (Xp) ( 


for a single transmitter-receiver channel. The right-hand side of this equation can be 
decomposed in two factors: 
Sax ("rx FRx, K) = o (Xp) G(FTx, FRx, Xp, K), (5.22) 


where o (xp) is unknown, and 


ikes 
G(FTx, FRx, Xp, k) = sno (= Jk|rr vt) 


4r |rr: — Xp| 


(Ee [Xp — rel) 
x 


5.23 
Ar |Xp — FR| ( ) 


is “known,” at least in theory because all the parameters defining it are either known 
transmitter/receiver locations or selectable from a grid. 

Strictly speaking, Srx(FTx, rx, K), Gres FRx» Xp, K), and o(x,) are all continuous 
functions, but in actuality, one can assume that 


1. there exist only P discrete point scatterers on the target, i.e., the target’s reflectivity 
distribution is discretized into P pixels or voxels, indexed by p; 

2. there exist only N possible locations of the transmitters, indexed by n; 

3. there exist only M possible locations of the receivers, indexed by m; 

4. there exists only a finite number F of transmit frequencies, indexed by f. In this 
context, f is an integer. 


These assumptions approximate continuous domains by discrete quantities—the 
elements of a matrix-based formulation. 

Consider a single nth transmitter, mth receiver, and fth frequency of operation. 
The received signal can be expressed as the superposition of scattered signals from 
all point scatterers, with amplitude given by their respective reflectivity coefficient. 
In other words, for a given set of (1, Fm, ky), we have: 


P. 
Srv(tns Fms kr) = X o (Xp)G (res Pres Xp, k), (5.24) 


p=1 
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which can also be interpreted as an inner dot product of two vectors ø and G indexed 
over the scatterers (or pixels) with index p, for one set of (n, m, f ). When these indices 
are considered over the full ranges, the one-liner equations in (5.24) can be stacked 
vertically in matrix form, to become 


Si Giaa e Gianpi 
S11,F Giaa ott) Gilpr a 
S121 Giza e Gizpa 
02 
: = : ack : x Ls (5.25) 
S1 M,F Gimir ott) Gir S 
P 
S21, Gaa e Gapa 
SN, M,F Guar e GN M,PF 
or simply as 
S =Go. (5.26) 


To paraphrase this slightly differently, the “simple” matrix form of the technique class 
arises from the 4D nature of the problem listed earlier: the P pixels (or voxels) of the 
target set the number of columns of G; and the N transmitters, M receivers, and F 
frequencies of the system create the N x M x F rows of the matrix, which is also 
equal to the length of the stacked-up receive signal S. Furthermore, each element of 
G is the value of the product of the Green function and the transmit waveform, given 
by (5.23). 

Note the important difference between Fourier-based and matrix-based methods 
regarding the vectors x,: in the former class, x, is treated as a continuous variable, 
as indicated by (5.11) or (5.15); in the latter class, it is a finite set of location vectors 
of the image pixels/voxels, which may or may not contain a scatterer or be part of a 
“scattering center.” 


General solution approaches 
The target image can then be obtained with a matrix inversion operation in (5.26): 


o = inverse(G)S. (5.27) 


Here, the term “inverse” is used in a symbolic sense, because the type of inver- 
sion strategy depends on the application, nature of the received signal, and the 
computational complexity. 

First, the classical definition of matrix inverse cannot be applied, because G is 
very likely to be not square, and its inverse G7! may not exist. Also, calculating the 
inverse of a matrix is computationally very intensive, and is usually done only for 
very specific applications, or when real-time processing is not critical. 

In radar applications, where the volume of data, number of pixels, and refresh 
rates can be very high, fast and perhaps suboptimal algorithms are preferred over the 
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high-quality, highly demanding inversion methods. The most common approach is to 
use the BPA, in which the image is formed by calculating 


o =G'"S, (5.28) 


where superscript H denotes the Hermitian matrix transpose. This operation is simply 
a generalized matched filter. 

As common for matched filters, the limitations of the BPA approach include the 
following: 


1. The maximization is with respect to SNR; it does not control the extent and 
intensity of the sidelobes. As such, back projection is prone to high sidelobes. 

2. Differently from the Fourier-based approaches, where the inverse FT of an FT 
output will return its original values, the “forward projection” operation will 
not reverse the back projection. As such, iterative techniques exploiting contrast 
optimization cannot be used explicitly. 


Inherent challenges 

The discretization in matrix-based methods gives rise to several quite unique problems, 
the first of which is the so-called off-grid scatterer problem: the nominal location 
vector x, of an image pixel (or voxel) may not exactly correspond to a real scatterer 
(if any) and may require a number of “atoms” to represent a single real scatterer, 
causing possible image blur effects. Many authors, such as in [29,30], have attempted 
to address this challenge. 

Another problem is the possible errors in the location/range vectors rry and rrym 
in practical scenarios, especially when the target is a noncooperative one; these range 
vectors must still be estimated prior to the set-up of matrix G. In other words, the 
target’s translational motion is mathematically not separable from the rotational com- 
ponent; yet, its estimation is still required. System run time is another major problem: 
algorithms involving large matrices, caused by the multidimensional nature of the 
problem, may be computationally exhaustive. 


5.2.3.2 Rigorous inversions 

The matrix inversion problem can be recast in terms of an optimization (i.e., mini- 
mization of a cost function). Such optimizations may be preferred for the following 
reasons: 


1. They attempt to deconvolve the received signal rather than maximizing its SNR 
as in matched filtering. In other words, if ø is the unknown reflectivity distri- 
bution, Go is its convolved representation, s is the observed convolved signal, 
matrix inversions tend to find the (deconvolved) ø such that Go — s = 0. Ide- 
ally, deconvolution provides the actual value of ø , rather than a modified version 
given by back projection. 

2. They can appropriately weigh the importance of the collected data. For instance, 
some view angles may be very sensitive to errors, so their contribution should 
be minimal to prevent a small error causing wild variations in the image. 

3. They provide additional flexibility of the “type” of image that is sought. For 
instance, one can promote a solution of o that is sparse (has few peaks) if the target 
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is known to be sparse. Otherwise, one can promote an image that is “connected” 
rather than a sparse collection of points. Matrix methods also allow for adaptive 
schemes aimed at reducing specific interferences, such as direct-path coupling. 


A brief summary of commonly used matrix inversion approaches is described 
later. They usually start by defining the minimization objective function, and for 
many of these objectives, a closed form is found. 


Tikhonov regularization 
The Tikhonov regularization method [31] seeks a solution as the global minimum of 
the following minimization problem 


ê = arg min {||Go — sll} + Blo lla}. (5.29) 


in its simpler form. Here, 6 is the regularization parameter that needs to be appropri- 
ately selected, and the addition of the £||ø ||} constraint physically means that among 
all possible solutions, the one with minimum £, norm, i.e., minimum “energy,” is 
selected. By manipulating (5.29), an analytical solution is obtained: 


ô =(G"G+ BI) 'G's. (5.30) 


This is a linear projection of the received signal s and hence can be computationally 
efficient—an attractive advantage of the method. 


Truncated singular value decomposition (SVD) 

Another important regularized inversion method is the truncated singular value 
decomposition (SVD) method [32]. Basically, G can be decomposed in its singular 
values as 


G = USV”, (5.31) 


where U and V are unitary matrices, and S is a diagonal matrix containing the singular 
values of G sorted in descending order. The matrices U and V are both orthogonal 
(i.e., UTU = V"V = T)andcomplete (i.e., UU" = VV" = I). The diagonal values 
of S, normalized with respect to the first (largest) singular value sı, are referred to 
as pseudospectrum, usually expressed in dB. In many inverse scattering problems 
including the one at hand, the pseudospectrum exhibits a plateau for large values 
(with null or low dynamical range), followed by a sharp decay, but rarely equaling 
the zero value due to numerical approximations. Singular values that are very small 
compared to sı represent the sensitive directions of G: along these directions, a small 
amount of noise or clutter in the sampled field leads to a large (undesired) deviation 
ofo. 
When the SVD is performed on G, an ideal matrix structure occurs: 


VE 
G = [Ur U] k J i (5.32) 
0 


where T is the number of singular values that are nonzero, Ur and Vr are the collected 
eigenvectors that are spanned by the singular values in Sr, Up is made of vectors that 
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do not belong to the range of G, and Vo is made of vectors belonging to the null space 
of G. 
Through the SVD of G, the scattered field may be expressed as 


s = UrS-Vi'o. (5.33) 
By exploiting the properties of U and V, inverting (5.33) gives: 
6 = VrSrU¥ s. (5.34) 


The strategy commonly referred to as truncated SVD [33] consists simply of selecting 
the singular values to be retained in S;: generally, in the truncated SVD, the singular 
values to be retained are related to the SNR. 

The SVD is helpful also for the fast computation of the Tikhonov regularization 
scheme. In fact, by decomposing (5.30) in its singular values, one obtains: 


6 = (G"G+ BI! G” s 
= (VS"U" USV” + VIV” ' VS” U” s 


V(S?S + BI)! S"U"s = V diag (=) U's. (5.35) 
Sj 


The interesting feature is that the optimal selection of ø by varying the parameter 6 
is obtained just by a relatively fast matrix multiplication, rather than a formal matrix 
inversion. 

The notable work in [34,35] applied both Tikhonov regularization and trun- 
cated SVD to Wi-Fi-based “radio tomographic imaging” of moving objects based 
on changed attenuation in a scene, rather than the scattering reflectivity distribution. 


5.2.3.3 Sparse regularization 

As has been discussed by many authors, such as in [36] and references therein, high 
sidelobes, especially for limited view angles, can make it difficult for an analyst to 
identify the type of target or scene, or it may stress the ATR capabilities. An image with 
fewer sidelobes may help both analysis and ATR algorithms. Sidelobe reduction may 
be obtained using sparse regularization techniques, where the underlying assumption 
is that ø is composed of a relatively small number of scatterers: 


6 =argmin||o||y subject to |Go ||5 <€, (5.36) 


where the £o norm of a vector returns just the number of nonzero elements. Unfortu- 
nately, such minimization is of the type NP-hard and practically impossible to solve 
for the dimension of our problem. The intractable £ọ norm can be replaced with 
similar norms that have lower computational complexity, leading to several efficient 
techniques as summarized later. 


£,-norm minimizations 
A good candidate norm to minimize is the £; norm, 


ô =argmin||a||; subject to ||Go||, < ô. (5.37) 
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This particular minimization is called quadratically constrained £. The positive- 
valued ô can be estimated on the basis of the noise level on data. The case of ô = 0 
corresponds to the classical basis pursuit minimization, although it is not adequate 
for noisy problems. 

Alternatively, one can set up a similar minimization procedure, 


6 = arg min {Alloll: + |Go — slż} (5.38) 


where A is a regularization parameter that needs to be appropriately chosen. This 
minimization is called basis pursuit de-noising. 
Similarly, another minimization procedure can be instated: 


6 =argmin||Go —s||, subject to |lo||; < T. (5.39) 


This type of minimization is also called the Least Angle Shrinkage and Selection 
Operator technique [37]. 

Mathematically, these three problems are all different ways of arriving at the same 
set of solutions. In fact, the solution to any one of these problems is characterized by 
a triplet of values (5, A, r) which renders the same ô, although finding the values that 
return the same image is not trivial. Reconstructed images using sparse regularization 
are usually too “peaky,” reducing extended objects into points, or missing small target 
features. To overcome these problems, two other extensions of sparse regularization 
algorithms have been introduced. 


Mixed norm minimizations 
A more effective minimization scheme leading to enhanced image quality is 


ê =argmin{||Go — s|? + allo], + Bllo|3}. (5.40) 


In fact, the previous minimization problem incorporates both the energy-stabilizing 
effect due to the £, penalty (which encourages extended targets) and the sparsity- 
promoting effect due to the 2; penalty (which reduces the number of required samples 
and decreases sidelobes and artifacts). This minimization scheme could be solved 
using more classical methods, but there exists a faster minimization procedure usually 
named fast iterative shrinking thresholding algorithm [38]. 

Finally, another very useful imaging scheme exploits the total variation norm. 
One example could be [39] 


6 = argmin{||Go — slå + allo|lis + Llo lirs}, 
subject to Tmin < |0;| < Tomax, i= 1,...,K, (5.41) 


where a, f are the regularization parameters, Tmin, Tnmax represent the minimum/ 
maximum absolute values that the contrast function can have, and o; denotes the 
ith element of ø, and K is the length of the ø vector. In (5.41), the operators ||-||;5 and 
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\|-Ilzvs are the smoothed £; norm and the smoothed total variation norm, respectively, 
defined as 


K 
lølis = yo? +e, lols =/DlelP +e, € >0. (5.42) 
i=1 


where D is the discrete approximation to the gradient operator, and € is a small 
constant. 
The minimization problem in (5.41) incorporates several advantages as follows: 


e The total variation penalty promotes solutions that are clustered and not 
fragmented. The addition of € relaxes the minimization problem. 

e The £; penalty promotes solutions having a small number of nonzero elements. 

e The condition on the elements of ø guarantees realistic values of the contrast 
functions and distributes the energy of the image to weaker voxels. 


The solution of (5.41) is obtained by implementing the Cetin algorithm [38]. 
A comprehensive literature review on general sparsity techniques could also be 
found in [40,41]. 


5.2.4 Multistatic Doppler-radar tomography 


Doppler processing is a classical narrowband concept; a Doppler shift is a frequency 
change to a single-carrier-frequency waveform induced by the “radial” motion of a 
scatterer as seen by a receiver. DRT is a narrowband form of RT which exploits a 
target’s rotational motion and the direct dependence of Doppler shift on a scatterer’s 
cross range. 

This section revisits the Fourier-based methods in Section 5.2.2 to describe a 
novel development in this class of methods for narrowband radars. The definition 
of a k-vector, such as in (5.17), implies that effective bandwidth for target imaging 
can be generated with relative rotational motion, even when f is a single frequency. 
In the fast-time k-space, this would correspond to the formation of a 1D curvilinear 
support spanning in both range and cross-range dimensions, as discussed in Section 
5.2.2.4. Image resolution may be fine, though may not be practically useful, because 
of possible high sidelobes and hence poor image contrast; see Section 5.2.2.6. DRT 
is a promising approach to address this limitation, exploiting a companion k-space 
known as the “‘slow-time k-space” [17,42]. 

The rest of this section introduces related fundamental concepts of cross-range 
bandwidth and resolution, and the slow-time k-space, reviews the theory of stan- 
dard monostatic DRT, describes its extension to multistatics, and explains how 
high-resolution imaging may be achieved with a generally multistatic narrowband 
radar system and augmented k-spaces. Finally, the section concludes with some 
experimental demonstrations. 


5.2.4.1 Cross-range bandwidth and resolution 


In the fast-time k-space, phase functions km : Xp, such as in (5.10), are treated as 
“snapshots,” due to the existence of k over a finite bandwidth; variations over slow 
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time points t, (i.e., on the target motion time scale) are ignored. In narrowband 
imaging, the effects over slow time are exploited. Given the definition of k in (5.17), 
the phase function could be expanded as [17] 


4r A 1 
kin(th) “Xp = — cos (=) (4: + x1 f Retk — FSR p+. o) (5.43) 


where xı and x2 are the cross-range and down-range components of x, which we wish 
to estimate, and Q, is an effective rotational speed (rad/s). We have also assumed that 
Qe © Q so that the effects of scatterer height x3 are negligible. 

A “narrowband” signal implies that an interval on f is not available to directly 
estimate x2 of the zeroth-order term; however, the varying slow time t+ in the first-order 
term of (5.43) suggests that a cross-range bandwidth, 


Bim=f cos (£) QeTcpr =f cos (£) A90, (5.44) 


for the mth receiver channel may be defined, which can be used to estimate x). 
Assuming the rotation angle AO = Q.Tcpr is sufficiently small such that the sec- 
ond and higher order terms in (5.43) are negligible. The corresponding cross-range 
resolution is 


C 
AXim = Bis (5.45) 
which is the same form that range resolution is conventionally expressed in terms 
of spectral bandwidth B: Ax. = c/2B. Cross-range bandwidth Bi m determines the 
image resolution performance of DRT algorithms, as discussed in Section 5.2.4.3. 
Note that B, m depends only on carrier frequency /, the bistatic angle, and total 
rotation angle A0 of a CPI, as indicated in (5.44), not on target dimension, or rotation 
speed, or types of translational motion; it is related to a target’s Doppler frequency 
span or extent, or “Doppler bandwidth” (a term used by some authors), but not the 
same. “Doppler bandwidth” does not determine imaging resolution. 


5.2.4.2 The slow-time k-space 

The slow-time k-space arises from considerations of resolution of cross-range profiles 
in Doppler processing. For the mth channel at bistatic angle m, and the cross- 
range resolution Ax,,, given in (5.45), the extent of cross-range spatial frequency 
fais 1/Ax1m = 2B, m/c, which symmetrically spans the interval (—B, m/c, B1 m/c). 
Making use of (5.44), the interval for k, (= 27f,,) is thus 


ksm € COS (£) ( anf. AQ, anf ae) , 
Cc 


2 c 


as illustrated by the radial dashed lines in Figure 5.17. 
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Figure 5.17 Illustration of the combined support from two receivers in the 
slow-time k-space. Blue: monostatic; red: bistatic 


When forming the cross-range profile with the FFT, which is a computationally 
efficient choice, the number of samples in time domain and frequency domain is 
equal to K. Hence, the (discretized) slow-time k-vectors k, m corresponding to each 
cross-range projection can be defined as 


2nf Bn 1 ^ 
Km = —— COS Dy k (Q.T pry) FbismL> (5.46) 
Cc 
where 
k =-—K,—K +2,...,—2,0,2,...,K — 2; 
1 
Tpri = a 


and Fpism. is the cross-range unit vector and is perpendicular to Prism. 

Each CPI produces one radial dashed line (see Figure 5.18), leading to a fan- 
shape collection of such lines for a data block from the mth receiver. (Refer to the 
DRT algorithm in Section 5.2.4.3 for further details.) The total angular extent of the 
collection equals to the total rotation angle of the target over the data block. The total 
support from M receivers (and one transmitter) is a union of such collections, rotated 
by half of their angular separation, as illustrated in Figure 5.17 for two receivers. Note 
that the supports from the separate receivers may partially overlap. 

Finally, for a full multistatic system with N transmitters and M receivers, the 
combined slow-time k-support is a union of such unions for a single transmitter, 
rotated by the appropriate angles between the additional transmitters and the reference 
transmitter Txo. 

For additional insight, a few points of comparison between the fast and slow 
time k-spaces are provided in Table 5.1. A key characteristic is that the maximum 
extent of a slow-time k-space is only a factor A0 cos(8/2) of the wavenumber k, as 
compared to 2 cos(6/2) of the fast-time case; hence, augmentation processing, as will 
be described later, may be necessary for a comparable resolution performance. 
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Figure 5.18 Illustration of the DRT algorithm in the slow-time k-space 


Table 5.1 Comparison between the fast- and slow-time k-spaces 


Fast-time k-space Slow-time k-space 
Fourier-pair (Down) range y Cross-range x 
Max extent 2k cos B kA@ cos B 
k-Space support Annular (or “flat donut”) Filled fan shape, always 
shape shape or “hollow” ring symmetric about the origin 
Augmentability No Yes 
Computation Lighter Heavier 


5.2.4.3 The DRT algorithms 


Several variants of DRT exist: traditional monostatic standard DRT, augmented DRT, 
multistatic DRT, or some combination of these variants. 

Using standard Doppler processing, the single-channel DRT algorithm [5] builds 
successive cross-range profiles and exploits the fundamental PST of tomography to 
estimate both x; and x2 components of a scatterer’s location vector x,. The algorithm, 
modified for a single-channel bistatic geometry, is illustrated in Figure 5.18, which 
consists of the following steps: 


1. First, the set of all N samples sa,(t,) in the received data block is segmented into 
L overlapping CPIs sp,(t,, /), each of length K and with an overlap factor 7. Here, 
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k=0,1,...,.K —1;/=1,2,...,Z; and 0 < n < 1. The target aspect angle at 
the midpoint of such a segment is denoted as 6). 

2. Next, compensation for any translational motion is applied to each CPI, by mul- 
tiplying the signal with a linear phase factor exp(j2z vt), to shift the Doppler 
line of known nonrotating components to zero Doppler frequency. Here, v is 
the target’s translational velocity projected onto the bisector of bistatic angle 
and is assumed to be known or estimated by other methods. A standard Fourier 
transform, denoted as F {-}, is then applied to all segments, with a circular shift 
to place the zero Doppler frequency at the center of the spectrum. Denote the 
magnitude of the output as 


Pa) = |F srt, 1) exp(j27 vt) | (5.47) 


for the cross-range profiles. Accumulate all such cross-range profiles, along with 
the corresponding aspect angles 0;, available from the data block. 
3. The spatial Fourier transform of pe, (x1) namely 


Po (Ss) = F {Pa (x)} (5.48) 


is then used as the “measurement samples” at aspect angle 0; to populate the 
slow-time k-space at locations defined by (5.46). As the target rotates, the 
measurements “fan out” as indicated in Figure 5.18. 

Note that the k,2 and k,ı axes here describe components of k, as defined 
in (5.46) and are, respectively, aligned with the initial range and cross-range 
directions in the image domain. Note also that the measurement population always 
starts close to the k,)-axis because po (xı) are cross-range profiles. 

4. The final step is an application of the NUFFT to the populating samples over the 
entire support, to obtain a target image. 


Extension to multistatics 

To extend the previous algorithm to a multi-bistatic or full multistatic geometries, 
the steps of a—c are processed separately for each channel, taking into account the 
different bistatic angles, the angular offsets between the transmitters, the possibly 
different projections of the target’s translational velocity onto the various bisectors, 
and combining all measurements from all channels in the k-space, before applying 
the final step d. 


5.2.4.4 An example 


This section summarizes a simulation study reported in [42]. A simple point-scatterer 
target as depicted in Figure 5.19(top) is used. Five scatterers of various radial 
distances from the origin O rotate around it at 300 RPM. The radar transmitter 
transmits a single-frequency waveform at 10 GHz. Five receivers are located at 
Bm = 0, +70, +140; each samples the scattered signals at 50 kHz, for a full cycle of 
target rotation. On each receive channel, the length of a segmented CPI corresponds to 
an angular extent of approximately 4.6° of target rotation, with an overlapping factor 
of 0.7. 
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Figure 5.19 Top: A point-scatterer target model, rotating at 300 RPM around the 
origin denoted by the small cross (+) symbol. The two scatterers 
closest to one another are separated by approximately 1.5 m. Bottom: 
full slow-time k-space support and corresponding DRT image 


If full target data is available, a result as shown in Figure 5.19(bottom) is obtained, 
which is reasonably close to the truth data. When partial data is used, typical results 
are as in Figure 5.20. 

Standard DRT has relatively short CPIs (and rotation angles accordingly) such 
that (5.43) is valid only up to the first-order term, resulting in relatively low imag- 
ing resolution. On the contrary, (5.44) and (5.45) imply that higher DRT resolution 
requires larger rotation angles A8. The conflicting requirements can be resolved by 
compensating for higher order terms in (5.43)—this is the basis of “augmented DRT” 
and the aim and rationale of k-space augmentation techniques to be discussed next. 


5.2.4.5 Augmentation of the slow-time k-space 

“Augmentation” refers to the process of re-partitioning the original time-domain data 
and using overlapping CPIs that are longer than in standard DRT for cross-range 
profile formation, compensating for nonlinear effects of rotation, and thus enlarging 
the slow-time k-space support, as illustrated in Figure 5.21. Augmentation is not 
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Figure 5.20 Top: Imaging result for the Rxo receiver, 30° target rotation, with 
k-space support and corresponding DRT image; middle: for the Rxo 
and Rx; receivers, same extent of rotation; bottom: all five receivers 


possible in the traditional fast-time k-space and represents a key advantage of the 
slow-time k-space. 

The topic is currently in early stages of development. Nevertheless, at least one 
technique called “FrFTS augmentation” has been proposed; this involves a com- 
bination of the fractional Fourier transform (FrFT), the S-method, and a CLEAN 
algorithm. 
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Figure 5.21 Conceptual illustration of the augmentation of the slow-time k-space. 
The circle indicates the boundary of support in standard DRT 


FrFTS augmentation 

This technique was first reported in [43]. Without describing all the related details, it 
suffices here to mention that FrFTS augmentation is essentially a CLEAN technique 
in which the individual chirp components in each CPI are detected sequentially, in the 
order of decreasing strength, and extracted from the signal, which are then compressed 
separately by the S-method. The individually compressed spectra are then summed 
to obtain a final focused cross-range profile for DRT processing. 

The FrFT is a generalized Fourier transform in which a linear chirp signal can 
be rotated in time-frequency space through an angle determined by the chirp rate 
to become a single-tone signal and hence can be used as a chirp detector. The 
S-method is a computationally efficient version of the Wigner—Ville distribution that 
also minimizes the spurious cross terms. Once cross-range projections are focused 
with this processing, the DRT algorithm is applied as in standard DRT algorithm. 

A numerical example is shown in Figure 5.22: the target consists of ten point 
scatterers orientated around an ellipse shape and is offset from the center of rota- 
tion (top-left). The smear-free standard DRT image, top-right, shows the locations of 
the scatterers, at low resolution. Using a longer integration time with standard DRT 
processing, the bottom-left sub-figure features a smearing effect which is increas- 
ingly more severe at longer radial distances from the rotation center. Finally, the 
bottom-right image demonstrates the higher resolution and effectiveness of the FrFTS 
augmentation method. 

Other augmentation techniques, such as those based on sparse signal rep- 
resentation, are possible; we expect such techniques to be reported in the near 
future. 
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Figure 5.22 An example of slow-time k-space augmentation with simulated data. 
Top-left: true point-scatterer target rotating around (0,0); top-right: 
standard DRT image; bottom-left: standard DRT on long CPIs; 
bottom-right: DRT image with FrFTS processing 


5.3 Practical considerations 


This section discusses several aspects in practical exercises to collect receiver data and 
populate it in a k-space. Such tasks are obviously application dependent; nevertheless, 
general guidance can be gleaned from equations such as (5.14) and (5.15) and the 
related k-spaces. 


5.3.1 Considerations with system geometry 


The following considerations are most applicable to spotlight SAR and circular SAR 
applications. 


5.3.1.1 Minimum distance 


Fourier tomographic reconstruction requires the far-field approximation, i.e., the 
distance r from the radar antenna to the “target center” is large relative to the size 
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of the target or scene patch so that the curvature of the waveform front is negligible: 
when the patch area becomes too large, a quadratic phase term appears, leading to 
defocused images. The Fraunhofer approximation states that to avoid unacceptable 
image degradation, the maximum size D of the target must be [4] 


2 
DX > (5.49) 


For a modest region of 10 m x 10 m and a carrier frequency of merely 3 GHz, for 
example, this condition requires that all transmitters and receivers must be more than 
4 km away from the target center. The dilemma becomes whether to image larger 
scenes (and accept defocusing) or to confine the imaging algorithm to a focused 
region and accept additional clutter folding in the patch area due to ambiguities. 


5.3.1.2 Image extent and aliasing 

As well known in Fourier analysis, the maximum unambiguous size of the image 
depends on the discretization steps, ôk, used in the k-space grid. Therefore, a finer 
grid will cover for a larger unambiguous extent of the image. Approximately, the 
unambiguous size of the image is related to the spacing in the k-space as 


27 


eae 
= AE 


The system design needs to take the maximum size of the target into account; this 
expression can then be used to determine the minimum spacing of the grid in the 
k-space. If the grid spacing is larger than the minimum required, aliasing (fold-overs) 
in the image domain may occur. On the other hand, having the k-spacing too small 
may unnecessarily increase the computational cost or distort the sidelobe distributions 
in undesirable manners. 

Furthermore, suppose that there exists a point scatterer or target at a distance 
greater than Ar: due to the properties of the FFT, this point target will appear inside 
the reconstructed image, or “wrapped around,” according to the principles of aliasing. 
Therefore, there must be a pre-filtering strategy to ensure that no signal is collected 
from regions outside of the area of interest. 


5.3.1.3 Receiver platform flight paths 


For optimum results of SAR-type imaging, a typical radar tomographic imaging 
mission may consist of the following: 


e Flying the radar platform along an arbitrary path, possibly having large azimuth 
and elevation variations. Using a wideband radiated signal with sufficiently high 
pulse sampling rates would increase the size of the k-space support and den- 
sity of measurement samples and, therefore, optimizing on image resolution and 
lowering sidelobe levels; it is, however, not an absolute requirement. 

e At each azimuth and elevation angle, radiating a pulse and coherently detecting 
the complex-signal-based range profile, and performing and recording its FFT. 
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Figure 5.23 A possible flight maneuver optimizing the 3D resolution 
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e Storing the FFT data for long integration times (typically seconds or tens of 
seconds, depending on the platform speed and distance from the target). The 
stored data contains the information of the 3D k-space of the scene. 

e Performing a 3D-inverse NUFFT to obtain a 3D reconstruction of the scene. 


Tomographic SAR processing [3] does not assume any specific flight path around the 
target of interest. RT can in principle automatically and optimally weight the collected 
data to form a 3D image of the scene having the best theoretically possible resolution. 

One can achieve adequate range and cross-range resolution regardless of the 
bandwidth of the signal, provided that sufficiently wide observation angles in 3D space 
are accessible. As shown in Appendix A, the resolution limit of a tomographic system 
is approximately 1/3, where A is the wavelength of the carrier signal. In principle, 
sub-wavelength resolution can be achieved using even ultra-narrowband signals. In 
Ku-band, RT may provide a 3D spatial resolution less than 1 cm, independently of 
the signal bandwidth. 

RT can provide a 3D image regardless of the flight path, but there exist preferred 
routes which may provide better 3D image resolution. Again, Figure 5.11 shows 
that resolution is governed by covering the maximum extents of the k-space and 
not by the density or number of points. Flight paths can be constructed to ensure 
maximum coverage of the k-space extent optimized for some applications. One of 
the most effective flight maneuvers is depicted in Figure 5.23. In simple terms, the 
joint circular-azimuth/nadir scan of the area of regard will increase both the horizontal 
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and vertical resolutions. Other favorable flight maneuvers are high-altitude multiple 
circular scans (nadir-looking) or bistatic SAR systems flying in opposite directions. 


5.3.2 Considerations for signal processing 


Tomography is inherently and traditionally a frequency-domain technique, whilst 
receiver data is necessarily collected in the time domain, except for special cases 
where the two domains are the same. Such a case is the stepped-frequency waveform: 
each sample received from each stepped-frequency pulse can also be regarded as the 
target’s frequency response at that frequency. In general, preprocessing of the receiver 
data is necessary. 

Particular processing tasks may depend on particular types of waveform; 
nevertheless, some of these are listed as follows: 


e For each (wideband) radar pulse, a start time fọ and end time tena should be 
selected—these times are relative to the rising edge of the transmit pulse—for the 
data collection, and they should be approximately centered in the range where the 
target is expected to be. If the target range is totally unknown, then one can set to 
to the earliest sampling time in the PRI (corresponding to the first range bin) and 
tend = PRI (last range bin), assuming that there are N samples (or range bins) in 
between. Let the sampling interval be t = 1/f,, where f; is sampling frequency, 
and the total collection time is T. 

e Collect the time-domain data and store it in a vector sp,[t]. Then, perform a FT on 
such data to obtain Sp,[f], as described by (5.11). According to properties of the 
Fourier transform, the frequency span will be +1/(2T), and the frequency stepsize 
is 1/T. Strictly speaking, the frequency data also involves a phase factor of 
exp(—/j27 fto), which needs to be either removed or accounted for when populating 
the k-space. 

e Apply matched filtering and TMC as discussed in Section 5.2.2.3. Moving over 
to the k-space, the corresponding scale in k-space is simply k = (27/c)f. 

e Channel synchronization. Even for a single transmitter and a single receiver, syn- 
chronization is necessary to estimate the bistatic angle, which affects the locations 
of the processed signals populating the k-space and hence imaging performance 
measures. For multiple receivers, a multidimensional parameter optimization 
is necessary to focus on the image [42]. Lastly, for multiple transmitters, the 
complexity increases, and MIMO type of processing is necessary. 


5.4 Concluding remarks 


Making optimal use of spatial diversity is the key characteristic of RT, without ignoring 
other types of diversities: spectral diversity is seamlessly incorporated in the fast- 
time k-space; so is “waveform diversity,’ which can be captured as the arbitrary 
“transmit waveform” S7,(k) of (5.7) or (5.10), as long as it is available (or accurately 
reconstructed) for matched filtering by a radar receiver. 
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Figure 5.24 Turntable tomographic experiments showing that the shape of targets 
is retained after the coherent image formation [44] 


One of the main criticisms to tomographic approaches, for single-channel sys- 
tems, is that the phase coherence of the target’s point scatterers sharply decreases after 
a few degrees of change in the observation angle. Theoretically, since SAR images 
must be formed by adding coherent data, the short coherence interval will restrict the 
length of the synthetic aperture, which ultimately will affect the resolution. Some of 
the counterarguments to this claim are as follow: 


e Coherent and incoherent image registration. In some circumstances for SAR, 
the whole data can be divided into several subsets where the scatterers’ phase 
appears coherent. Each subset will be processed coherently to form images. These 
images are then added incoherently to reconstruct the 3D scene. 

e Preserved phase coherence. Optics theory states that the phase coherence of 
a collection of point targets improves when (1) the wavelength of the probing 
waveform becomes larger and (2) the bandwidth of the signal is reduced. This 
suggests that the use of narrowband signals may improve the phase coherency 
while affecting minimally the overall resolution (which is proportional to the RF 
carrier wavelength). This also suggests that lower frequency applications, such as 
foliage penetration, may provide a better degree of coherence, leading to better, 
sharper image reconstructions. 

e Nonpoint-scatterer models. By using scattering models other than the point 
scatterer, it may be possible to predict the angular extent of the coherence and 
hence the k-space support available for tomographic radar processing, or even to 
reformulate the theory of RT. 

e Experimental confirmation. Full 360° 2D tomographic ISAR imaging has 
shown that multipath, shadowing, and decreased degree of coherence pose only a 
minor loss in resolution and image quality, as evident in Figure 5.24. This is com- 
pelling evidence that tomographic algorithms can be applied to image realistic 
targets. 


For multichannel multistatic systems, synchronization across the channels and 
accurate TMC for each channel are required for a coherent population of measure- 
ments in the combined k-space support. This requirement may impose significant 
practical challenges and warrant further attention from the research communities and 
system designers. 

In conclusion, this chapter summarizes some of the currently known methods and 
applications of RT, with the promising potential of offering very high-resolution target 
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imaging without the requirement of wideband hardware. Issues with tomographic data 
collection, image formation methods, and the special case of Doppler RT have been 
discussed in detail. 

Given the current trends of operational requirement and developments for radar 
imaging technologies, RT can be expected to play an ever increasingly important role 
in the foreseeable future. 


Appendix 


A Theoretical image resolution limits 


This appendix shows details of derivation leading to resolution limits, such as that 
indicated in (5.19) for the 2D case. Circular symmetry and an ideal band-limited 
frequency-domain signal populating the annular support (denoted as V;,) are assumed. 
Without loss of generality, we may set S(k) = 1 over the support V; (and 0 elsewhere). 
The PSF is the inverse FT 


pajar boe / I SCE) expli + iy) di; dk, 
Vk 


= ff exptitix + yy dk dk, 
Vie 


kmax 27 
= Í (f exp{ jkr cos pide) k dk 
Amin 0 


kmax 
= 2r i; Jo(kr) k dk. (A.1) 


kmin 


where (k, p) is the polar form of (kx, ky), r = (œ? +7)!” the radial deviation from 
true scatterer location, (Amin, kmax) is the k-space equivalent of the signal’s lower and 
upper frequencies, and Jp(-) is the Bessel function of the first kind and zero order. 
Using the indefinite integral result 


f en = uno, 
where Jı (-) is Bessel function of first order, (A.1) leads to 


27 
Eo (r) = Pa [Emax J (Kmax!’) Kin J (Kmin”)] ) (A.2) 


as shown in (5.19). 
In the 3D case, the result in (A.2) is replaced with 


an \3?2 
Zo(r) = (=) [ae J3/2(Kmax!’) — Ke Jsja(kminr)| : (A.3) 
r 
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Chapter 6 
Multistatic PCL-SAR 


Diego Cristallini', Philipp Wojaczek! and 
Ingo Walterscheid? 


In this chapter, the attention is turned toward multistatic passive radar systems on 
airborne platforms for the purpose of synthetic aperture radar (SAR) image creation. 
A passive radar system is a special type of bistatic radar that exploits noncooperative 
transmitters as its source of illumination. 

This chapter begins with an overview and introduction to passive SAR. By 
referring to the widely used digital video broadcast-terrestrial (DVB-T) standard as 
illuminator, we describe the complete signal processing chain in order to create a 
passive SAR image. This includes (i) preprocessing, which involves the synchroniza- 
tion, and the estimation of the reference signal; (11) range compression, specifically 
addressing the time-varying waveform characteristics; (iii) the image formation stage, 
basically residing on back projection; and finally (iv) the issues related to mitigation 
of co-channel interference (CCI) arising in airborne passive radars. 

One big drawback of passive SAR is the relatively poor-range resolution, due to 
the limited bandwidth of the transmitted signal. To overcome this issue, we propose the 
exploitation of multistatic passive SAR. Specifically, the multistatic received signal 
model is presented in the K-space, and optimal platform trajectories are presented 
which lead to constant range resolution improvement over the synthetic aperture. 

Finally, the current experimental passive-radar activities for SAR imaging are 
presented along with the results. 


6.1 Introduction 


The expression passive coherent location (PCL) indicates a class of bistatic radar sys- 
tems that do not send a dedicated electromagnetic signal but instead they exploit 
electromagnetic signals emitted by other sources for other purposes [1,2]. Such 
sources are usually referred to as illuminators of opportunity (IOs), and they can 
be other radars, communication systems, and broadcast systems for public utility, 
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such as frequency modulation (FM) radio or digital television (DVB-T), and so on. 
PCL radar systems have gained renewed interest over the last decades, thanks to the 
advantages coming from not having a dedicated transmitter, namely, (i) they can be 
considered “green radars,” not introducing further electromagnetic pollution in the 
environment; (ii) they are generally low cost, as they only need a receiver, whose 
hardware is usually easily found on the commercial market; and (iii) they work in 
covert operation as they do not emit a dedicated signal, thus their position is hard to 
be estimated. 

The idea of adapting the PCL to obtain (inherently bistatic) SAR, namely, PCL— 
SAR or passive SAR, has been analyzed in different works over the last few decades. 
First, PCL-SAR exploiting satellite illuminators has been investigated. Specifi- 
cally, [3] introduced the idea of satellite-based passive SAR. Namely, geostationary 
broadcast illuminators were proposed with the receiver mounted on a geosynchronous 
satellite. Integration times of several hours are foreseen to achieve adequate signal- 
to-noise ratio (SNR). Cherniakov et al. [4] adapt the previous idea but resorting 
to low Earth orbit satellites and stationary ground-based receivers so to enhance 
the SNR, while in [5], an experimental validation is presented. Later, also global 
navigation satellite system (GNSS) illuminators, such as global positioning system 
(GPS) and Galileo, have been considered, and experimental verification has been 
conducted [6-9]. GNSS also offers the possibility to have multiple dislocated trans- 
mitters (namely, the different satellites of the constellation), which can be used in a 
multistatic passive SAR configuration to improve range resolution as shown in [10]. 
The concept of airborne passive radar exploiting terrestrial illuminators is presented 
in [11]. In [12-14], ground-based passive SAR exploiting orthogonal frequency 
division modulation (OFDM)-based signals, such as worldwide interoperability for 
microwave access (WiMAX), is addressed and demonstrated in a small-scale exper- 
imental setup. The authors focus their work on the analysis of the WiMAX bistatic 
ambiguity function. In the same work, the range compression stage is addressed, 
which aims at obtaining phase histories of targets by matched filtering. In [15], a 
similar approach is extended to other OFDM-based IO, such as long-term evolution 
(LTE) [16], digital audio broadcast (DAB), and DVB-T. In the same paper, a par- 
tially matched filter (MF) is also applied for range compression that exploits only 
known signal features. Mulgrew in [17] formulates the passive SAR imaging as a lin- 
ear regression. In the same work, also the principle of exploiting geometry diversity 
through multiple transmitters to ameliorate resolution is proposed. Different works 
set an analytical approach to passive radar imaging based on various forms of back 
projection for the bistatic and for the multistatic scenario [18—21]. References [22-27] 
show experimental results of passive SAR exploiting DVB-T as IO. 

As is apparent, miniaturized and real-time operation of PCL radar systems is 
becoming available so that installation of PCL systems on moving platforms is becom- 
ing reality. In addition, also constellations of low-cost light-weight receivers will 
become an extremely appealing solution for surveillance and reconnaissance in the 
near future. It is, therefore, highly advisable to investigate techniques and strate- 
gies to exploit at best the potentialities of such constellations. In fact, the reduced 
costs of passive and covert operation would be extremely appealing features for any 
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imaging radar. In this context, one of the main drawbacks of PCL systems is that 
the transmitted signal is not under the control of the radar designer, as it is designed 
for other purposes. As a consequence, the transmitted signal does not exhibit char- 
acteristics typical of a radar signal. For instance, if analog-modulated waveforms 
are exploited, then the signal is likely to have time-varying spectral characteristics, 
which directly affect the corresponding PCL radar performance [28]. Although digital 
transmissions usually show features much nicer for radar use (e.g., OFDM signals 
have flat constant spectrum), their overall bandwidth is still limited to few MHz. The 
limited signal bandwidth is a significant obstacle toward the use of PCL—SAR. In 
fact, the range resolution of an imaging radar is inversely proportional to the signal 
bandwidth. In contrast, the cross-range resolution of an imaging radar is mainly lim- 
ited by the along-track synthetic aperture, so that fine cross-range resolution values 
are theoretically achievable also by a PCL—-SAR. 

The range resolution of a PCL—SAR can be improved by simultaneous processing 
of multiple adjacent received signals (for instance adjacent DVB-T channels), or by 
exploiting a constellation of PCL receivers observing the same area on ground illumi- 
nated by a single IO. The first approach is not always viable since there might not be 
multiple available signals so close that a coherent combination is possible. In contrast, 
the second approach might define an interesting multistatic PCL—SAR (shortened to 
multi-PCL—SAR in the following) constellation. The problem of defining multiple 
trajectories that improve SAR range resolution has been already addressed for the con- 
ventional active radar case [29-32]. In [33,34], also the impact of trajectory errors is 
analyzed. In addition, in [35], the idea has been applied to simultaneous operation of 
a constellation of multiple PCL receivers, where the geometry is defined by resorting 
to the K-space occupancy of the multiple bistatic received signals. 

In this chapter, it is shown that the K-space signal occupancy changes (in general) 
over the acquisition (i.e., slow-time) and over an extended scene, and consequently 
also the range pulse response characteristics vary. This occurs also for the simple case 
of rectilinear trajectories. In this work, the effects of range pulse response of multi- 
PCL-SAR for rectilinear trajectories are analyzed. Also, it will be demonstrated that 
circular trajectories can guarantee an unvarying K-space signal occupancy over the 
acquisition. 

This chapter is organized as follows: in Section 6.2, the required signal processing 
for PCL-SAR is addressed with particular attention to the DVB-T-based case. In 
addition, the imaging steps to achieve PCL—SAR as well as the main issues arising 
from airborne operation of a PCL system are addressed. Section 6.3 is devoted to 
the analysis of multistatic PCL—SAR configurations for improved range resolution. 
Section 6.4 presents some results of the PCL—SAR activities conducted at Fraunhofer 
FHR. Finally in Section 6.5, we draw our conclusions. 


6.2 Signal processing for PCL—SAR based on DVB-T 


DVB-T is probably the most used transmitter worldwide for illumination among all 
transmitters exploited for passive radar. It is a standardized and almost worldwide 
used transmission type in order to provide audio and video broadcast [36]. 
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For the passive radar community, it offers some advantages, e.g., it has usually a 
high transmit power, the occupied bandwidth is reasonably broad (approximately 
8 MHz) thus providing (monostatic) range-resolution possibilities in the order of 
20m. On land, it is available almost everywhere, thus providing a good coverage 
which makes it attractive for PCL. The main advantage is, however, the possibility of 
recovering the transmitted waveform and the constant bandwidth due to the digital 
modulation. Therefore, it is possible to get a clean copy of the transmitted signal for 
range compression without introducing any errors due to correlation with a defective 
reference signal. For these advantages, we focus on DVB-T transmitters as IOs. 


6.2.1 Structure of DVB-T signal 


The DVB-T signal is transmitted as continuous wave signal. It constitutes in time- 
domain of so-called symbols, each of duration Torpy [36]. Each symbol consists 
of a useful part of duration Ty and of a guard interval (also called cyclic prefix) of 
duration Tcp: Torpu = Ty + Tcp. The guard interval is a copy of the last part of the 
useful part and copied before it so that cyclic convolution is enabled and inter-symbol 
interference (ISI) is reduced. In frequency domain, the DVB-T signal utilizes the 
OFDM modulation scheme, which means that each symbol comprises M separately 
modulated carriers, where the frequency of each carrier is separated by 1/T y, which 
creates the orthogonality. The carriers are indexed with m = 0,...,M — 1, and they 
can be divided in two groups: payload data carriers (nondeterministic) and pilot 
carriers (deterministic). The pilot carriers are transmitted with 3 dB higher power 
level compared to the average power level. They can be further subdivided in two 
groups, the scattered pilot carriers and the continual pilot carriers. The positions 
mcp of the continual pilots are constant for each symbol, while the positions msp of 
the scattered pilots are shifted by three from symbol to symbol, i.e., the positions msp 
are the same for each fourth symbol. 

Due to their deterministic nature, the pilot carriers enable synchronization in 
frequency and time, as well as channel estimation. 


6.2.2 Received DVB-T signal model 


Broadcast signals, such as DVB-T, FM, or DAB, are usually transmitted by net- 
works of transmitters. Those networks are organized either in multifrequency networks 
(MEFNs) or single frequency networks (SFNs). In an MFN, which is normally the case 
for FM broadcast networks, an FM radio station broadcasts on a particular carrier 
frequency from one transmitter. That same carrier frequency is not reused by another 
transmitter unless it is suitably outside of the coverage region of the first transmitter. 
This is to prevent CCI and as a result, the frequency reuse factor in FM broadcasting 
is low. In theory, a receiver in a particular coverage region should only be influenced 
by the signal received from the transmitter, which is exploited as IO. The reception 
should not be disturbed by a different signal, which is transmitted from another radio 
station on the same carrier frequency. 

On the other hand, if an SFN broadcasting type is employed, a number of trans- 
mitters are grouped to an SFN. Each transmitter belonging to a particular SFN is 
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synchronized in time and frequency and radiates the same signal on the same carrier 
frequency. However, any SFN directly adjacent will transmit on a different carrier 
frequency, while the primarily used carrier frequency can be reused in the next but 
one SFN. This is because a ground-based receiver will most likely not receive (or 
at least receive the signal considerably attenuated) the transmission of the next but 
one SFN due to shadowing by landscape, man-made buildings and attenuation due 
to free-space loss, etc. In order to prevent ISI from transmitters from the same SFN, 
guard intervals are introduced in the transmission. As a consequence, SFNs offer a 
significant improvement in frequency reuse. 

In a single transmitter environment, the complex envelope of the received signal 
at the passive radar surveillance channel can be written as a function of time ¢ as 
(including motion compensation of the receiving platform) 


ri) = Ans()+ / AOE- ty) 


q=1 dy 
exp(j2mfighdg+et) Ox<t<T (6.1) 


where T is the global observation time, s(t) is the transmitted signal and A4;, is its 
corresponding complex amplitude at the surveillance antenna, Np is the range extent 
of the observed scene (expressed in range gates), ®, is the azimuthal angular sector 
of the illuminated scene, A,(@) is the complex amplitude of the echo received with 
time delay t4 = R,/co (co is the speed of light) from azimuth angle @, R, is the 
bistatic range of the qth range gate, and e(t) is the additive white Gaussian noise 
(AWGN) generated in the receiver. Finally, f} = (Vr/A) cos ġ cos y; is the bistatic 
Doppler frequency for the stationary echo received in the gth range gate observed 
under off-nadir angle y, and under azimuth angle ¢ (A being the carrier wavelength). 
Please note that the aforementioned expression for the Doppler frequency is valid 
only for stationary transmitter and moving receiver (with velocity Vp assumed in the 
along-track direction) and for stationary echoes. 

The signal model introduced in (6.1) refers (for simplicity) to the MFN case, but 
it can be readily extended to the SFN case by summing up the contributions for each 
transmitter in the network. 


6.2.3 Synchronization and reference signal reconstruction 


Digitally coded OFDM broadcast signals, in contrast to analog broadcast signals, 
generally provide synchronization features, which enable the receivers to synchronize 
on the data stream and identify the beginning and end of data symbols to be interpreted 
by the receiver. 

As stated in Section 6.2.1, for DVB-T signals, this is provided by the pilot car- 
riers, which also enable channel transfer function (CTF) estimation. This basically 
enables two processing schemes: (i) using a dedicated reference channel for the acqui- 
sition of the direct signal and (11) by reconstructing the direct signal through signal 
demodulation and remodulation enabled by knowledge of the deterministic pilot car- 
rier positions and modulations. Corresponding block diagrams for the two approaches 


194 Multidimensional radar imaging 


Reference Surveillance 
receiver receiver 


Figure 6.1 Basic PCL processing block diagram using a dedicated 
reference channel 


are sketched in Figures 6.1 and 6.2, respectively. In both cases, the processing block 
disturbance cancellation refers to the removal of the interfering direct signal. This is 
usually done by exploiting adaptive temporal cancellation approaches such as those 
in [37]. In the following, we will refer to the second approach. In fact, since in PCL 
systems the direct signal is generally the strongest contribution, its decoding is gen- 
erally possible and the second approach offers the possibility to reduce the number 
of receiving channels. The reconstruction of reference signal in DVB-T is based on 
(i) synchronization on the start of a DVB-T symbol in the received data stream (as 
any other DVB-T receiver should do, not only a PCL receiver); (ii) decoding of the 
synchronized signal according to the DVB-T standard down to the sequence of bits; 
and (iii) the remodulation of the bit sequence according to the DVB-T standard. This 
processing step is represented by the block direct signal reconstruction in Figure 6.2. 
At the end of this processing, a replica of the transmitted signal is available, which is 
free of multipath echoes and multiple transmitter contributions, so that it can be used 
as the reference signal for further processing of the received target echo signals. 

In DVB-T standard, synchronization features are provided by the scattered and 
continuous pilot carriers within the signal. Specifically, since the position, amplitude, 
and phase of these carriers are known, a comparison of their received values with 
the expected ones is used to determine the CTF and thus calculates through carrier 
interpolation the complete signal, as it was transmitted. In a first step, the received 
signal after sampling at Nyquist rate is synchronized using a reference sequence. This 
sequence is a synthesized segment of four DVB-T symbols containing only the known 
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Surveillance 
receiver 


Figure 6.2 Digital PCL processing block diagram where the direct signal is 
extracted from the surveillance channel 


modulation of the scattered and continual pilots. Correlating both signals results in a 
detection statistic that has a dominant peak at the synchronization position, i.e., at the 
beginning of four consecutive symbols with different positions of the scattered pilots 
in each symbol. The received signal can, therefore, be considered synchronized to 
the transmitter with an accuracy equals to half the sampling rate, so that the correct 
location m of each carrier within the received OFDM symbol can be determined. By 
recalling (6.1) and by referring only to the direct signal contribution, the received 
signal r(¢) in (6.1) is first sampled at Nyquist rate obtaining the sequence r[/], where 
t = 1/f, (f being the sampling frequency). After synchronization on the start of a 
DVB-T symbol, the sequence r[/] is then partitioned in N = |T/Torpy | sequences 
(or batches) each having the length Lorpy = Torpm X f; of an OFDM symbol that 
is r[/] = y rnll — nLorpy |. After discrete Fourier transform (DFT) in frequency 
domain r,[/] (i.e., R,[m] = DFT {r,[/]}), one gets: 


M 
Rim] = XO aero m=1,...,M 
i=l 


= S [m] W, [m] + Elm] (6.2) 


where W,,[m] denotes the channel response function for the nth OFDM symbol, and 
E[m] = DFT {e[/]} is the DFT of the AWGN contribution. 
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The CTF W, can be estimated at the known pilot carrier positions m, € 
[Msp, Mcp] by using: 
R, my] 
Sa [mp] 


Walp] = Ym, (6.3) 


as R,,[m,] are the received pilot carrier values and S„[m,] are the pilot carrier values 
modulated according to the DVB-T standard [36]. The characteristics of the CTF at 
the remaining carriers can be estimated using an interpolation. Applying the CTF on 
the received signal using: 


R,[m] 
W,,[m] 


SOlm] = Mp (6.4) 


gives a preliminary estimate S© of the transmitted signal. The carrier values of S‘ 
then have to be remapped to the actual values of the constellation map, which results in 
a “clean” (1.e., non-noisy, but not necessarily correct) estimation Ñ, of the transmitted 
signal S,. 

It has to be noted here that CTF estimation is possible due to the orthogonality 
of the carriers and time-invariance of the CTE While this holds for a stationary 
receiver, this is not necessarily the case for a moving receiver, as due to Doppler-shifted 
multipath, the CTF is not time invariant anymore. However, the DVB-T standard 
is very robust against time-varying channels as stated in [38] and which has been 
confirmed in a trial campaign on an airborne receiver [39]. 


6.2.4 Range compression in PCL—SAR 


According to the block diagram presented in Figure 6.2, the following processing step 
is the range compression. 

Given the employed waveforms of opportunity in PCL systems, the resulting 
pulse response after range compression shows a generally high side-lobe level. Basi- 
cally, clutter echoes generated at a given range cell are likely to affect, through their 
side lobes, the response of targets appearing at other cells even in the presence of a 
large range/Doppler separation. To better understand the effects of this phenomenon, 
let us consider a conventional signal processing based on the exploitation of an MF 
at the range compression stage. 

In this work, we assume that this is performed on batches of length Lorpy corre- 
sponding to a single OFDM symbol, namely, r,,[/]. Each single batch is then processed 
separately as far as the range compression stage is concerned. The output of the 
corresponding range compression stage can be written as 


ai= ral] ® hall]  n=1,...,N (6.5) 


where ® indicates the convolution operator, and ,,[/] is the range compression filter 
for the nth batch. In order to build up this filter, we assume a perfect reconstruction 
of the transmitted signal based on the signal collected either at the Rx surveillance 
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antenna or at a separate dedicated antenna element [40,41]. By applying an MF in the 
range compression in (6.5), we obtain: 


h [0] = AMP] = «s*[-1 + nLorom] n=1,...,N (6.6) 


where « is a multiplicative constant, and “x” indicates complex conjugation. After 
application of the MF as in (6.6), the range compressed signal x,[/] in (6.5) can be 
written as 


xM = s,[1 — nLoron] ® APH] = KIDFT(|S,[m]/2} n= 1,...,N 
(6.7) 


being S,,[m] the DFT of s,,[/], and indicating with IDFT{-} the inverse discrete Fourier 
transform (IDFT) of its argument. Since the signal changes from batch to batch, the 
shape of x“ [/] varies with n. We emphasize that the considered signal model is valid 
only for echo delays smaller than the cyclic prefix Tg of the OFDM symbol, otherwise 
a border effect should be taken into account. An example of possible realization of 
x1] is reported in Figure 6.3. Notice that some high side peaks appear due to 
the presence of pilots in the DVB-T OFDM symbol [42,43]. These represent the 
deterministic components of the generic OFDM symbol and usually show periodic 
repetitions across consecutive OFDM symbols within a frame [36]. In addition, a quite 
constant background level is apparent that is basically due to the random sequences 
of bits transmitted on data subcarriers. 

Aiming at removing the impact of the signal information content on the range 
pulse response, an approach based on the use of the reciprocal filter (RpF) for the 
range compression stage can be considered. The use of RpF filter has been first 
introduced for a passive radar system based on OFDM transmissions by Glende 
in [44]. This performs a spectral equalization of the input signal, thus generating 
waveform-independent compressed output signals. In this case, the filter /,[/] in 
(6.6) becomes: 


2 
hali] = APP] = K'IDFT [si exp (Zm) PAA ae N 


(6.8) 


where x’ is a multiplicative constant. Correspondingly, the output of the range 
compression stage for the generic signal batch becomes: 


xen = Snll a nLorpu | ® APPT — k'Lorpmô[l] n = l, PA ,N 
(6.9) 


which is clearly independent of the information content transmitted in the specific 
signal fragment. For instance, the output of the RpF is reported in Figure 6.4 for the 
same OFDM symbol considered in Figure 6.3, where we limit the application of the 
RpF to nonzero subcarriers (i.e., data and pilot subcarriers) in order to avoid possible 
overweighting caused by the RpF [44]. Following the application of the RpF, all the 
side peaks appearing in Figure 6.3 have been removed and the side-lobe decay has been 
restored to a digital sinc function typical of chirp signals after range compression. 
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6.2.5 Image formation 


After range compression, the last processing step to achieve PCL—SAR is the image 
formation. Please note that this slightly differs from the block diagram presented in 
Figure 6.2, being that related to a more general PCL system and not specific for 
PCL-SAR. 


Output power [dB] 


0 1,000 2,000 3,000 4,000 
No. of samples 


Figure 6.3 Output of the range compression stage for a single DVB-T symbol 
after matched filter. © 2019 IEEE. After, with permission, 
from [45] 
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Figure 6.4 Output of the range compression stage for a single DVB-T symbol 
after reciprocal filter. © 2019 IEEE. After, with permission, 
from [45] 
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A classical monostatic SAR is a type of radar, where transmitter and receiver 
are colocated on a moving platform such as a satellite or an aircraft. Typically, the 
antennas are arranged in a side-looking configuration so that a scene is illuminated 
while the platform is in motion. In contrast to a conventional beam-scanning radar, 
a SAR synthesizes a large antenna array in along-track direction by periodically 
transmitting a pulse, receiving the echoes and storing the sampled data. The following 
coherent processing of the collected data allows for a very fine resolution in flight 
direction. The cross-track resolution is mainly determined by the bandwidth of the 
emitted waveform. This two-dimensional image formation process can be done using 
frequency-domain or time-domain focusing algorithms. 

The PCL-SAR case differs from the classical airborne SAR in some characteris- 
tics. First, the PCL transmitter (e.g. DVB-T) is stationary, where the antenna is usually 
mounted at a tall mast at an exposed location. Second, the transmit waveform and 
pulse repetition interval (symbol length) are specified by the IO, and third, a complex 
preprocessing of the data is necessary to get a data matrix with well-synchronized 
range-compressed echoes over time. Furthermore, the flight track of the PCL receiver 
may not necessarily be linear so that an acquisition geometry as sketched in Figure 6.5 
is assumed. 

Due to the bistatic acquisition geometry and an arbitrary flight path of the receiver, 
the use of a back projection algorithm (time-domain processor) is favorable. In con- 
trast to frequency-domain methods, the back projection can model the ideal SAR 
MF even for a curved flight path and is invariant to the imaging mode, which means 
that the same algorithm can be used for stripmap and spotlight modes. Further, bi- 
or multistatic imaging geometries where the transmit and receive antenna are widely 
separated do not represent a focusing problem, because the back projection algorithm 
produces a pixel-by-pixel varying MF. It only requires the precise knowledge of the 
acquisition geometry, which means the exact knowledge of the antenna positions 
over time relative to the three-dimensional position of the scatterers in the ground- 
plane of the scene. While for PCL—SAR the position of the transmitter is well known 
and fixed, the position of the receive antenna is usually estimated with an inertial 
measurement unit (IMU) on board the platform. The height of the scatterers in the 
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Figure 6.5 PCL-SAR geometry with a fixed transmitter and a moving receiver 


200 Multidimensional radar imaging 


scene can be estimated using a digital elevation map. In the past, the back projec- 
tion algorithm was less significant for standard SAR processing, because it is more 
computationally expensive than the frequency domain methods. But nowadays, the 
state-of-the-art computer technology is so sophisticated that multiple operations can 
be executed simultaneously. The back projection algorithm is highly parallelizable so 
that it profits from parallel computing, for example, using general-purpose computing 
on graphics processing units. 

The image formation process can be separated into two parts. In the first part, 
the compression of the received signal is done as already described in Sections 6.2.3 
and 6.2.4. The range compressed OFDM symbols x,[/] can be interpreted as range 
compressed echoes of a standard pulse radar with a pulse repetition interval equal to 
the length of an OFDM symbol and n the pulse index. In the second part, the azimuth 
compression is performed using the back projection algorithm [46] for the reasons 
stated earlier. The algorithm works in such a way that for each position on ground 
(image pixel), the appropriate contributions in the echoes are coherently added. This 
coherent summation for a given position P can be described by 


IP) = X x,[d,(P)] At (6.10) 
neN 
where n is the slow-time pulse index, M is the set of all pulses contributing to the 
pixel at position P, A = 27t fọ/co is the wavenumber with fp the local frequency in the 
receiver and co the speed of light, and d,,(P) is the bistatic range for a given scatterer 
at position P with the receiver position according to the pulse index n. The bistatic 
range is calculated by 


d,(P) = d™(P) + d,*(P) = |T — P| + [R(n Torpm) — P| (6.11) 


where T is the time-invariant transmitter position, R(¢,) is the time-variant receiver 
position, and P is the position of the scatterer. It is important to note that the argument 
of x(-) in (6.10) is no longer fast time (or fast time index) but range. The conversion is 
given byt = IT, = d,,/co. Furthermore, it is crucial to upsample the range compressed 
echo so that during the coherent summation, the residual phase error is low. 


6.2.6 Challenges for airborne PCL 


Among the challenges resulting from hijacking of a noncooperative transmitter, the 
challenge of the so-called CCI is maybe one of the most severe challenges for airborne 
passive radar. CCI describes the phenomenon of receiving more than one signal on the 
same carrier frequency fc, where the interfering signals result from transmitters either 
emitting a different signal content or—if the same signal content is transmitted— 
arrive at the receiver with a delay which is longer than the guard interval. In the latter 
case, this is called self-interference and happens only in SFNs. Unlike intentional 
broadband (noise) jamming, the CCI is not a willful act, as the interfering signals 
are transmitted from other broadcast transmitters with the purpose of providing full 
coverage with their broadcasting. A ground-based receiver will most likely not be 
affected by the reception of interfering signals, as a line of sight (LOS) between 
receiver and transmitter does not exist, due to shadowing by landscape, man-made 
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objects, etc. However, an airborne receiver has an increased radar horizon due to its 
higher altitude. In [47], the phenomenon of CCI and its influence was analyzed by 
means of simulations. For ultra-high frequency (UHF), the signal reception on an 
airborne platform is mostly attenuated only by free-space loss. 

The broadcast operators intend to transmit the signal to the ground, as the cus- 
tomer is generally on the ground. The directive transmission can usually be achieved 
by transmit antenna tilting and antenna beamforming. However, the antenna tilting 
and type and number of employed antenna elements are usually not publicly avail- 
able. Therefore, the power level of received interfering signals cannot be estimated 
precisely. Furthermore, diffraction on hills or on man-made buildings can lead to 
multipath reception. Although the simultaneous reception of the long distance trav- 
eling UHF signals might be advantageous for airborne moving target detection, for 
PCL-SAR operations, it is severely disadvantageous, as the interfering signals can 
drastically increase the noise level, thus limiting the dynamic range. 

As it is independent of the transmitter infrastructure, i.e., SFN or MFN, CCI is 
generally everywhere possible. However, since signals in MFNs are usually trans- 
mitted with a higher power (to achieve coverage at edges of the service area [48]), 
the power level of the interfering signals might be higher for MFNs than compared 
to SFNs. 

The spectrum usage is restricted and reserved for particular usage only based 
on international law. Therefore, only signals which are generated according to the 
same standard are transmitted on the frequency which is exploited for PCL—SAR. 
That means, CCI is usually hard to be detected, as the interfering signals coincide 
with the exploited signal in terms of bandwidth, synchronization features, etc. This is 
especially true for standardized signals as DVB-T or DAB, where the standard does 
not allow exceptions, e.g., in occupied bandwidth. A cancellation via, e.g., spatial 
nulling is usually only possible if the positions of all transmitters are precisely known 
to the receiver. However, for the new published standard DVB-T2, variations in terms 
of synchronization features, bandwidth, carrier spacing, etc. are possible in order 
to increase the data throughput and to be more flexible and adaptive on the service 
area, e.g., cities, small towns, and countrysides [49]. Specifically, DVB-T2 allows to 
use an extended bandwidth compared to DVB-T. This fact gives the chance to detect 
an interfering signal and to analyze its influence, provided the signal with smaller 
bandwidth is received with higher power. 

For a duration of few years, Germany was in the state of soft-switching from 
DVB-T to DVB-T2. That means, transmitters providing cities and dense populated 
areas with television were switched to DVB-T2 first, while transmitters serving the 
countryside and less populated areas will switch to DVB-T2 with a delay. In order to 
have an increased data rate for high populated areas, the DVB-T2 transmitters make 
use of the possibility to transmit on an extended bandwidth BO = 7.77 MHz, while 
the DVB-T standard only allows a fixed bandwidth BY = 7.61 MHz, that is, the non- 
overlapping part of the bandwidth amounts approximately BO — BY x 0.16 MHz. 
This can be proven by real data from a measurement campaign, see Figure 6.6. This 
figure shows the enlarged view of a recorded DVB-T signal interfered with one or 
many DVB-T2 signals. The left border of the recorded DVB-T channel is shown, 
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Figure 6.6 Enlarged view of recorded DVB-T with interfering DVB-T2 signal(s). 
View shows the left border of DVB-T channel at 690 MHz, where one or 
more DVB-T2 signals at 690 MHz are interfering with the DVB-T 
signal. The DVB-T signal is the exploited signal from the IO 


where the red line indicates its border. The black line indicates the left border of 
the interfering DVB-T2 signal, which has a bandwidth BY = 7.77 MHz. It is easily 
possible to see the increased power level of the DVB-T2 signal, which severely limits 
the reference signal reconstruction possibilities and reduces the dynamic range. 

Details to the measurement campaign and to the interfering signal sources are 
provided in Section 6.4. To demonstrate the impact of CCI on reference signal estima- 
tion and on increased noise floor, an initial attempt at estimating the reference signal 
without any prior CCI suppression was performed. The first estimation is done with 
the received signal Y(f) from antenna 1. During the estimation of a transmitted 
symbol, so-called constellation maps can be produced. In Figure 6.7, the constella- 
tion maps for four DVB-T symbols are shown. The considered transmitter (Eifel) uses 
16-quadrature amplitude modulation (QAM), but this constellation format cannot be 
recognized in Figure 6.7. A range—Doppler map for a coherent processing interval of 
512 DVB-T symbols is shown in Figure 6.8. One can see the returns of strong clutter 
sources, but overall the range—Doppler map is covered with a high noise. 

This is for two reasons: one reason is due to the CCI, which increases the noise 
level. The other reason is an indirect consequence of the CCI: the CCI impedes refer- 
ence signal estimation. Performing a range compression with a nonideal, erroneous 
reference signal does not equalize the spectral characteristic of the waveform, which 
leads to a noncoherent noise floor on the range—Doppler map, compared to the result 
of MF application [45]. 
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Constellation map of four OFDM symbols before CCI suppression. The 
black crosses indicate the positions of the ideal constellation points 
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Figure 6.8 Range—Doppler map before CCI suppression 
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To improve the reference signal estimation, we show a first approach to suppress 
the CCI using multiple antennas on receive. The received signal Y™(f) on antenna 
n = (1,2) can be described in frequency domain as 


YOP) = HOX P) + EPOX + NOW) (6.12) 


where X(f) defines the transmitted DVB-T signal from transmitter Eifel and X;(f) 
defines the CCI source, i.e., the transmitted DVB-T2 signal. H(f) and HPF) 
define the CTFs for the DVB-T signal and the interfering DVB-T2 signal at antenna 
n, respectively. N“(f) defines AWGN. 

The transmission of DVB-T2 in extended bandwidth gives us the opportunity 
to suppress the DVB-T2 signal, using the subcarriers on frequencies occupied only 
by the DVB-T2 signal. By formulating a minimization problem, one can use these 
subcarriers and both antennas to estimate suitable values to suppress the CCI. 

The domains and codomains of X (f) and _X;(f) are defined in (6.13) and (6.14): 


0, forf eF 
X(f) = k TER (6.13) 
=0, forf ¢ Fr 
#0, forf eF 
X] = 6.14 
f) fs ee (6.14) 
where 
7,168 7,168 K-1K-1 
Fay = as > > Fg = CVA ee > 
2G 2Tup oie, OT, 
ee ego (6.15) 
ES er > 2Ty, > E 141I S14 BW : 


K =6,817 and Ty, = 896-10~°s define the number of carriers and the dura- 
tion of the useful symbol part for a DVB-T symbol. Kr = {13,921,27,841} and 
Tu, = {1,792,3,584} - 10~° s define the number of carriers and the duration of the use- 
ful symbol part of the extended bandwidth of a DVB-T2 symbol transmitted using the 
16k and 32k mode, respectively. Equation (6.15) defines frequency sets: F’gy defines 
the set of frequencies in the complete 8 MHz bandwidth. Fg defines the set of frequen- 
cies in the bandwidth occupied by the subcarriers from DVB-T. Fz defines the set of 
frequencies occupied by DVB-T2, where Fg and F; overlap at the DVB-T subcarriers. 
The set of frequencies occupied from DVB-T2 only is defined by Fr = Fy \ Fg. 
The minimization problem is then 


ot ne (1) — zy) 2 
minimize os IYOT) — zY (fr) (6.16) 
JreFr 


where z is a complex number: z = r exp (jọ). z is then applied on Y® (fz) on the 
subcarriers at the frequencies fg € Fg in order to suppress the interfering signal by 
calculating the difference of YO (fz) and zY ® (fz): 


Yn(fe) = YOE) — zY fe) (6.17) 
The described process was done for each OFDM symbol individually. 
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Figure 6.9 Left side of the spectrum of the DVB-T channel after CCI suppression 
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Figure 6.10 Right side of the spectrum of the DVB-T channel after CCI suppression 


Figures 6.9 and 6.10 show the spectrum at the left and right edges of the DVB-T 
signal after the CCI suppression. The DVB-T2 signal is reduced by approximately 
10 dB when compared to Figure 6.6. 

Assuming that by using (6.16) and (6.17), the CCI in Y,,(fz) is sufficiently sup- 
pressed while the signal of opportunity X (fz) is preserved, an estimation of the 
transmitted DVB-T signal X(f;) can be achieved. Constellation maps of four esti- 
mated DVB-T symbols acquired during the process of reference signal estimation are 
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Figure 6.11 Constellation map of four OFDM symbols after CCI suppression. The 
black crosses indicate the positions of the ideal constellation points 


shown in Figure 6.11. Each symbol is still noisy, but the structure of the 16-QAM is 
now recognizable. 

A range—Doppler map of the data with suppressed CCI is shown in Figure 6.12. 
The estimated reference signal was used for range compression. 

Comparing Figure 6.12 with Figure 6.8, the improvement is visible due to the 
overall reduced noise floor. A reduction of noise V,.-q in the exo-clutter region was 
calculated using 


(6.18) 


rer, ROOD, |? 
Na = 10 log 10 ($e Pereke 


L perp Xrer, RO r)? 


where Fp are Doppler frequencies Fp = [120, 195] Hz and R, is a set of bistatic 
ranges R, = [750,7,060] m. R and R® define the range-Doppler maps after and 
before CCI suppression. The calculated value of N,-q is approximately —9.6 dB. 

Suppressing the CCI allows for an improved estimate of the reference signal. The 
better the estimate of the reference signal is, the better are ambiguities and side lobes 
of the exploited waveform removed. This effect in combination with the suppression 
of the CCI leads to the reduction in noise floor and in conclusion to a better target 
detection performance. 
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Figure 6.12 Range—Doppler map after CCI suppression 


6.3 Multi-PCL-—SAR for improved range resolution 


The range resolution of a PCL—SAR can be improved by exploiting a constellation 
of PCL receivers observing the same area on ground illuminated by a single IO. 
This approach defines a multi-PCL—SAR constellation. The idea of defining multiple 
trajectories that improve SAR-range resolution can be taken from the conventional 
active radar case, where multiple authors already addressed the topic [29-34]. In this 
section, we will define a simultaneous operation of a constellation of multiple PCL 
receivers, starting from the simple case of two receivers. In particular, the multistatic 
geometry will be defined by resorting to the K-space occupancy of the multiple 
bistatic received signals. 


6.3.1 Range resolution improvement principle 


Let us consider an east—-north-up (ENU) Cartesian coordinate system (where 
x-axis being aligned with the east direction, y-axis with the north direction, and 
z-axis with the vertical direction perpendicular to x-y plane), and let us indi- 
cate with T = [x7, yr.zr]' the position of an IO (e.g., DVB-T transmitter), and 
with R,(t,) = [xri(ta), yrilta), zri] the time-varying positions of multiple PCL 
receivers observing the same area illuminated by the IO (i = 1,2 in the simplest 
case), where t, indicates the slow-time, and the subscript f indicates the transpose 
operation. Without loss of generality, we can assume the transmitter T to be located 
on the x-axis, that is having yr = 0. In addition, let us indicate with P; the position of 
the scene center, which, for simplicity and without loss of generality, is assumed to 
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be located in the origin of the considered Cartesian coordinate system. The geometry 
is sketched in Figure 6.13. 

Indicating with a; the LOS unit vector from T to P4, and with ig ;(t,,) the LOS 
unit vectors from R,(¢,), (i = 1,2) to P4, each bistatic observation can be equivalently 
represented by a monostatic one acquired on the corresponding bistatic bisectors [51]. 
That is, from position: 


Bi(ta) = la + R;(ta)) i= 1,2 (6.19) 


As a consequence, the two following equivalent monostatic LOS vectors can be 
defined: 


r EE : 
Upi(ta) = 5 (tir + tip i(ta)) i=1,2 (6.20) 


Recalling [52], the K-space occupancy for the two bistatic signals can be 
defined as 


Kelta) = [rinito ke | iis i i=1,2 (6.21) 


À max À min 


where k represents the wavenumber spanned by the DVB-T signal bandwidth, and Amin 
and Amax are the minimum and the maximum carrier wavelengths within the transmit- 
ted signal, respectively. Given the close dependency between K-space occupancy in 
(6.21) and the signal bandwidth (represented by the wavelength span [A min, Amax]), itis 
easy to assess an inverse proportionality between Kg ;(t,) in (6.21) and the achievable 
bistatic range resolution. Specifically, for SAR purposes, the ground-range resolution 
is of interest, which directly derives from the projection of the K-spaces Kg ;(t,) onto 
the (x, y)-plane [52]. By doing so, one gets: 


) a 
KE (ta) = Fo Keita) (6.22) 
z=Up 
Ri) 
ARE R,(“,) 
/ Vi NAN 


V 


y = North 


x = East 


Figure 6.13 Sketched geometry for a multi-PCL-SAR with sensors moving along 
rectilinear trajectories. © 2017 Elsevier. After, with permission, 


from [50] 
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where r = I — zz’ is the projection onto the (x, y)-plane, z indicates the unit vector 
along the z-axis, and I is the identity matrix. To better understand (6.22), let us 
refer to a simplified two-dimensional geometry like the one sketched in Figure 6.14. 
Please note how this simplified geometry can be considered as a particular case of the 
general situation depicted in Figure 6.13 for a specific slow-time instant t4 = ta, (also 
referred to as mid-acquisition slow-time instant later on in the manuscript), where 
both receivers R; and R; lay on the y = 0 plane. Namely, 


—rpy sin(wWert) 
Rı (tao) = 0 
rr COs( Yr) 


(6.23) 


—FR2 sin(Wr2) 
Ro(t20) = 
rr2 COS(Wr2) 


where rg; (i = 1,2) indicates the ranges of the two receivers from the origin of the 
considered Cartesian reference system, and wr, (i = 1, 2) indicates the correspond- 
ing incident angles. In the simplified two-dimensional geometry of Figure 6.14, the 
equivalent monostatic unit vectors ig; and ig can be defined as 


1 1 UT x = sin(Wr,) 
ig; = ~(Ur + ûr1) = = | | ury | + 0 i=1,2 (6.24) 
vy J 
UT z cos( Wri) 


Consequently, the K-space signal occupancies Kgi(t,9) and Kg2(ta,0) for the two 
bistatic acquisitions (shown in blue and green in Figure 6.14, respectively) can be 
written from (6.21). 

In the simplified two-dimensional geometry, the ground projection in (6.22) 
becomes: 


K9)(t20) = PF Ka,(ta0) (6.25) 


where I = I — zz‘. As is apparent (cf. (6.21) and (6.24)), the K-space signal occu- 
pancy in (6.25) is only dependent on the transmitter characteristics (position and 
signal wavelengths) and on the incident angles of the two receivers wp; and Wr. 
Given that we do not usually have control over the characteristics of the transmitter, 
the incident angles yr and We are the only degrees of freedom we have to correctly 
locate the two received signals in the K-space. Specifically, we want to locate them 
ad) acent one to the other such that a wider K-space signal occupancy is achieved (see 
KE) in orange in Figure 6.14). 

In other words, the range resolution can be improved if the (x)-plane projection 
ofthe K-space interval spanned by the first signal (namely KẸ) (ta,0)) is adjacent with- 
out gaps to the (x)-plane K-space projection spanned by the second signal (namely, 
KẸ? (ta0)), as sketched in Figure 6.14 for a simplified two-dimensional geometry. It 
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Figure 6.14 Two-dimensional representation of K-space signal occupancy and its 
geometrical dependency in the bistatic case. This two-dimensional 
geometry corresponds to the three-dimensional geometry of 
Figure 6.13, for the instant ty = tao where relations in (6.23) apply. 
The dependency on tao has been removed to simplify the figure. 
© 2017 Elsevier. After, with permission, from [50] 


is easy to show that a maximum range resolution improvement can be achieved by 
setting the following constraint: 


27 27 


T ûs, (tao) = Tùs (tao) (6.26) 


max min 


This guarantees a perfect contiguity between KẸ? (tao) and K$), (tao) without overlap 
or gaps (see the contiguity in the K-space projection Ki +2(fa,0) in Figure 6.14 for 
the simplified two-dimensional case). This point of perfect spectral contiguity is also 
referred to as critical baseline in SAR interferometry, see [53]. 

By plugging in (6.24) and (6.25) into (6.26), one gets: 


20 F 27 X 
TO fg 1 (tao) = ae Tip 2(tao) 
27 n 27 i 
hon [3 (ur. — sin(Wr,)) | 5 hon [i (wrx — sin(Wr2)) ] 
, l (6.27) 
Ur» — SiIN(Wri) _ Urx — sin(Wr2) 
Amax Amin 
š Amin : 
sin(Wr2) = rT (—urx + sin Wri) + ur. 


which provides a direct expression to set the incidence angle of the second receiver 
once the transmitter and the incident angle of the first receiver are given. 
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The same approach can be readily extended to general three-dimensional geom- 
etry of Figure 6.13. By doing so, the time dependency in (6.26) can be removed, since 
there is no need for perfect alignment in the y = 0 plane between transmitter and 
receiver for the slow-time instant ta = ta,0. In fact, slightly shifted trajectories in the 
long-track direction can be compensated and re-synchronized using simple Doppler 
processing. The approach here proposed for the simple case of two receivers can be 
readily extended to more than two receivers, with subsequent direct improvement in 
range resolution. It is worth mentioning that this approach has already been proposed 
and validated in the case of monostatic SAR with real data of a multiple pass acqui- 
sition of the European remote sensing (ERS) radar satellite ERS-1, see [29], and ina 
multipass airborne SAR scenario in [54]. A multiple input—multiple output variation 
of the same approach has also been proposed in [32,55]. 


6.3.2 Scenario for multi-PCL—SAR 


Figure 6.13 depicts a typical geometry multi-PCL—SAR using airborne platforms, 
where each platform is equipped with a PCL receiver. The two platforms are supposed 
to fly with same velocity Vai = Vaz = Ve along rectilinear trajectories observing 
the scene in a pure side-looking configuration. Main geometry and system parameters 
are reported in Table 6.1. 

Assuming the transmitter and the two receivers to be aligned in the x-axis at 
slow-time instant t40, the optimum geometry constraint for range resolution in (6.26) 
applies. 

The resulting multistatic geometry is obtained from (6.27), leading to the parame- 
ters in Table 6.1. Asis apparent, for this sample realistic scenario, the receivers incident 
angles Wr) and Wr» vary less than 2°. As a consequence, a reasonable assumption on 
the coherence of the target backscattering between the two acquisitions can be made. 


Table 6.1 Case study geometry 


Parameter Value 

Illuminator of opportunity DVB-T (8k mode) 
Carrier frequency fc 600 MHz 

Signal bandwidth B 7.61 MHz 
Transmitter incident angle wr 89.9° 

Height of transmitter 10m 

Distance transmitter to scene center |T — P| 12,000 m 

Altitude of receivers 5,000 m 
Receivers trajectory Rectilinear 
Velocity of receivers |Vp| 65 m/s 


Bistatic geometry 
Receivers incident angles YR 1, Wr2 47.98°, 46.13° 
Angular separation of receivers Aw 1.85° 
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As shown in Figures 6.13 and 6.14, it would be convenient to define a geometry 
where the transmitter is in the back lobe of both PCL surveillance antennas. This 
would not only attenuate the direct signal in the surveillance channel but it would also 
create a “quasi-monostatic” geometry, where the signal from the area of interest is 
basically backscattered to both receivers. As a result, the bistatic iso-ranges and the 
bistatic iso-Dopplers will almost be orthogonal to each other, thus creating a favorable 
configuration for imaging purposes, see [51] page 61. From a PCL point of view, it is 
interesting to notice how such a configuration would permit PCL radar imaging using 
a single channel receiver (i.e., one receiver per platform),by using the DVB-T signal 
decoding and reconstruction principle described in [56]. In order this approach to be 
feasible, the direct signal (albeit attenuated) should be still strong enough to allow 
low bit error rate DVB-T digital stream decoding and signal reconstruction, and CCI 
should be negligible. 


6.3.3 Simulation of DVB-T range pulse response 


In this section, the DVB-T range pulse response for a multi-PCL—SAR system is 
analyzed. First, the analysis will be conducted for the scene center P}, and then the 
effects over an extended scene will be addressed. In both these two cases, the analysis 
will be confined to the mid-acquisition slow-time instant tao. Finally, the behavior 
over an extended scene and for a rectilinear acquisition will be investigated. 


6.3.3.1 Scene center P; at mid-acquisition t4 9 

Figure 6.15 shows the spectrum in the K-space of the backscattered signal from a 
point target located in P; received by the two receivers at slow-time instant tao. As 
one can see, the spectra are shifted such that no gaps between the spectra are present, 
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Figure 6.15 K-space spectra of the two backscattered signals from scatterer in P; 
at time tao projected onto (x,y)-plane [dB]. © 2017 Elsevier. 
After, with permission, from [50] 
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as expected from setting the constraint in (6.26) and (6.27). After range compressing 
the signal receiver from the solely first PCL sensor, the pulse response shown as the 
red solid line in Figure 6.16 is obtained. On the other hand, by coherently combining 
the two signals, after range compression, one gets the pulse response shown as the 
solid black plot in Figure 6.16. The range resolution improvement is apparent, by 
observing the corresponding widths of the pulse response main lobes. Table 6.2 
reports the theoretical and measured resolutions for the single and the combined 
cases, respectively. 


6.3.3.2 Extended scene at mid-acquisition ź4,0 

It is worth to mention that the constellation geometry (and hence the K-space shift) is 
calculated using (6.26) for the single point P; on ground. Adjacent points will exhibit 
slightly different LOS unit vectors and, therefore, slightly different spectral shifts in 
the K-space, given that the constraint in (6.27) will not be fulfilled anymore. This 
will create a gap or an overlap between the two spectra (cf. Figure 6.15). This effect 
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Figure 6.16 Range pulse response (autocorrelation function (ACF)) for scatterer 
in P; at time tao: single sensor in red; two sensors combined in black 


[dB]. © 2017 Elsevier. After, with permission, from [50] 


Table 6.2 Measured range resolutions for 
scatterer in P; at instant tao 


Range resolution Value [m] Side-lobe level [dB] 


Single sensor 18.8 —13.35 
Combined sensors 9.4 —13.25 
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has been already investigated in [54], where the variations of the wavenumber shift 
under strong variations of the incident angle have been analyzed. 

Figure 6.17 shows a heatmap of K-space signal shifts in top view of an extended 
scene in Cartesian coordinates. In particular, the x-axis is aligned to the along-track 
direction of the two platforms, and the y-axis is the ground range (see also geometry in 
Figure 6.13). Compared to Figure 6.13, not only one scatterer was simulated but mul- 
tiple point-like targets were considered. Three points are highlighted in Figure 6.17: 
P,, P2, and Ps, whose coordinates can be found in Table 6.4. For every simulated 
scatterer P,,, its relative K-space shift between both spectra is calculated as in the 
following equation: 


20 27 


Af (Pn) = € 


T g (tao) — 


max min 


analo) (6.28) 


Pr 
For each scatterer, there are three possibilities of the outcome of (6.28): 


1. Af(P,) = 0: This means a perfect alignment of both spectra as shown in 
Figure 6.15, and hence a fulfillment of (6.27). 

2. Af(P,) < 0: This means an overlap of both spectra. 

3. Af(P,) > 0: In this case, there is a gap between both spectra. 


In the first case, there is an optimum in range resolution improvement achievable, 
whereas the second and third cases result in a degradation of the performance. 

Figure 6.17 depicts Af(P,,) color coded as a heatmap. Two regions separated by 
a line can be identified: a region with overlapping spectra Roverlap and a region Reap 
with noncontiguous spectra. The regions are separated by a line J) depicted by black 
crosses. lo is the locus of points with optimum K-space spectra shift, that is neither 
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Figure 6.17 K-space shift evaluated for the mid-acquisition slow-time instant ta o 
over an extended scene. © 2017 Elsevier. After, with permission, 


from [50] 
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gap nor overlap between both spectra. As an example, for the coordinates of P, in 
Figure 6.17, it holds P; € Jo; therefore, Af (P1) = 0. 

P, is situated in the region of the overlapping spectra, P3 € Roverlap; therefore, 
Af (P2) < 0, whereas for P;, Af (P5) > 0 holds as it is situated in the region of the 
noncontiguous spectra, Ps € Reap. It is here important to notice that the effects of 
a noncontiguous spectrum in the K-space manifest as increased side lobes in the 
scatterer range pulse response, while an overlapped spectrum leads to a suboptimal 
range resolution value. Given a maximum tolerated pulse response side-lobe level and 
a loss in the range resolution improvement, Figure 6.17 allows to define a maximum 
area which can be imaged. 

As also stated in [54], the different incident angles over the observed scene 
give rise to different signal shifts in the K-space. The effects on the pulse response 
are clearly visible in Figures 6.18—6.21, where a gap between the spectra produces 
increase in the side lobes, and a spectra overlap leads to a non-optimum improvement 
of the range resolution. Achievable ground-range resolutions and side-lobe levels 
measured for the scatterers in P) and Ps at instant t4, are reported in Table 6.3. This 
analysis should clearly show which effects a relative shift in the K-space create in 
the resulting range pulse response. In the following, we will then directly refer to the 
K-space signal shift. 

A final comment is in order. The relative K-space spectral shift has been derived 
under the hypothesis of a flat terrain. Any topography in the scene would locally 
alternate the K-space occupancy of the corresponding echoes, thus directly affecting 
the relative K-space signal shift. This effect has been considered also in [54]. Unfor- 
tunately, the K-space signal occupancy cannot be corrected by the topography, even 
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Figure 6.18 K-space spectra of the two backscattered signals from scatterer in P3 
at time t,o projected onto (x,y)-plane [dB]. © 2017 Elsevier. 
After, with permission, from [50] 
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Figure 6.19 Range pulse response (autocorrelation function (ACF)) for scatterer 
in P, at time tao: single sensor in red; two sensors combined in black 


[dB]. © 2017 Elsevier. After, with permission, from [50] 
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Figure 6.20 K-space spectra of the two backscattered signals from scatterer in Ps 
at time tao projected onto (x,y)-plane [dB]. © 2017 Elsevier. After, 
with permission, from [50] 


if known, and this directly affects the range pulse response characteristics (similarly 
to what we see happening with P, and P;). 


6.3.3.3 Extended scene over entire acquisition 


By flying a rectilinear trajectory, the optimum contiguity constraint in (6.26) cannot 
be kept during the entire acquisition. That is, the contiguity constraint can be set 
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| — ACF of one backscattered signal only 
5 | — ACF of the combination of both backscattered 
signals 


[dB] 
| 


Range [m] 


Figure 6.21 Range pulse response (autocorrelation function (ACF)) for scatterer 
in Ps at time t,o: single sensor in red; two sensors combined in black 


[dB]. © 2017 Elsevier. After, with permission, from [50] 


Table 6.5 Measured range resolutions for scatterers in P, 
and P; at instant tao 


Range resolution Value [m] Side-lobe level [dB] 
P2 single sensor 19.72 —13.38 
P2 combined sensors 10.74 —13.32 
P; single sensor 19.72 —13.29 
P; combined sensors 8.62 —9.66 


for one specific slow-time instant (for instance for the mid-acquisition instant t,o 
as in (6.27)), but this will not be fulfilled as the platforms move along rectilinear 
trajectories with constant velocity. An example of this is shown in Figure 6.22 for 
the five different point scatterers located in Table 6.4. In particular, the K-space shift 
between the two bistatic signals is shown during an acquisition corresponding to 90° 
of azimuth aspect angle variation. As one can see, for the scene center Pı and for 
the mid-acquisition point (t, = tao = 0), the optimum contiguity constraint is met, 
but the constraint deviates as the scatterer position changes or as the platform moves, 
leading to a gap or to an overlap between the spectra. The most annoying aspect is that 
the relative K-space shift is jointly a function of the slow-time t, and of the azimuth 
position of the scatterers. 

By observing Figure 6.22, we can see that the constraint is never met when 
regarding the points P, and Ps, as they are situated in the region R,.,, of noncontigu- 
ous spectra, compared to Figure 6.17. At the beginning of the acquisition, the gap is at 
one of its maxima (for the duration of this acquisition); the size of the gap decreases 
while both receivers are moving until the minimum is reached for t4 = tao = 0. The 
gap increases again for t4 > 0. The K-space shifts of points P and P; show similar 
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Figure 6.22 Relative K-space shift for five point-like scatterers over entire 
acquisition: rectilinear trajectories case. © 2017 Elsevier. 
After, with permission, from [50] 


Table 6.4 Positions of the five point-like 
scatterers in ENU 


Scatterer Position [m] 

P; [12,000; 0; 0] 

P2 [12,500; 500; 0] 
P; [12,500; —500; 0] 
Pa [11,500; 500; 0] 
P; [11,500; —500; 0] 


characteristics of their appearance, but now the relative K-space shift is negative, 
which means, there is an overlap between both resulting spectra. For a longer recti- 
linear trajectory, the amount of overlap of both spectra of P, and P, will decrease, 
until the optimum contiguity constraint will be met. From then on, the K-space shift 
will be positive, which results in a gap between both spectra. 

As one can see, the constraint in (6.27) is met only once during the acquisition 
(not only for the scene center P1), when a rectilinear trajectory is flown. The variation 
of the relative K-space shift for a given scatterer position leads to a varying range pulse 
response characteristic (namely, range resolution and side-lobe level) during the slow- 
time. A varying range resolution over slow-time would remain even after complete 
SAR processing, leading to a nonuniform resolution over the final focused image. 
This contrasts with common SAR images requirements that impose constant uniform 
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resolutions (not only in range but also between range and azimuth dimensions) to 
improve visual understanding of the scene to be imaged. 
Therefore, in the next section, a new trajectory will be defined. 


6.3.4 Optimal trajectories for multi-PCL—SAR 


It will be first considered the trajectory of a single platform, let us say the one indi- 
cated with Rj(t,) in Figure 6.13. It will be shown that, to guarantee a constant width 
of KEP over the slow-time ¢, (that is a constant ground-range resolution), the plat- 
form’s trajectory must lay on a cone surface centered in P|. By setting the additional 
constraint of a constant flying altitude, the circular trajectory will be derived. 

Second, given the first platform trajectory to be circular, the trajectory of the 
second platform will be derived by imposing the constraint in (6.26) for the whole 
slow-time ¢,. That is, by imposing Af (P1) = 0 Y t. 


6.3.4.1 Derivation of a circular trajectory for the first platform 


For simplicity, we will hereon neglect the dependency on the slow-time t4. The locus 
of points B; (compare (6.19)) that ensures a constant ground-range resolution for the 
scene center point P; is given as the focus of points where the corresponding K-space 


p 
projections KE? =2n/d [ust pre o] (A € [Amins Amax]) have constant width. The 


squared distance between the two edges of KRY can be written as: 


5 2m o m oy On y mw yy 
AS? Ons en)? = (uh - is) +( u% — is) (6.29) 


Amin a Amax Amin Amax 
By setting: 
dg Amin» Ama)? = Ci (6.30) 


being C; a constant greater than 0, and by indicating: 


igi = -— : [x218 zB] (6.31) 
and with: 

rai = Xp + Ya + ZB, (6.32) 
(6.30) becomes: 

xpi — C) + 5,1 — C) — Coz, = 0 (6.33) 


with C = C/20((1/Amax) — (1/Amin))” . The locus of points described in 
(6.33) represents a cone, and specifically it states the position of the “equivalent 
monostatic acquisition” B,. From the locus of points in (6.33), it is possible to derive 
the locus of points of the receiver R;. To do this, let us consider a second Cartesian 
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coordinate system (x;,y;,Z;,) centered in the position of the transmitter. The linear 
transformation from (xg,1, YB,» ZB,1) to (X7, Yp, Zr) is given by 
Xp = Xg — Xr 
Yr = Ya — YT (6.34) 
Zr = ZB1 — ZT 
The cone in (6.33) can be expressed in (x7, Yr, Zr) as 
(xp HIA = C) + Or Hyr = C2) — Caz; + zr’ = 0 (6.35) 


We then notice that, by construction (see (6.20)), in (x7, Yr, Zr), the coordinates 
of R; are simply doubled of those of B,. As a consequence, the locus of points for 
the receiver R; that ensures a constant ground-range resolution can be written (in 


rier ZR) as 


1 2 A 2 f 4 
x z 
(= +xr) (1—G)+ ($ +yr) (l-Q)-Q (= +2r) =0 (6.36) 


which is also a cone. By setting the flight altitude of R; constant, one gets a circular 
trajectory for the receiver Rj. 


6.3.4.2 Derivation of second platform trajectory 

For analogy with the first platform, it is clear that also the second platform trajectory 
should lay onto a cone, if the constant ground-range resolution constraint has to be 
met. Here, in addition, it is derived the trajectory of the second platform R; as a 
function of the first platform trajectory. To do this, the optimum contiguity constraint 
in (6.26) has to be set, leading to 


Amin (Xr XRı XT 

XR2 = F “TR 
Amax \ Tr TRA rr 
Amin [YT  YRı Yr 

YR2 = + “TR 
Amax \ Tr TRA rr 


where rr = |T|, rai = |Ril, and rgr2 = |R2|. Clearly, due to the circular nature of 
both trajectories, rg, and rg» are constant (Table 6.5). 


(6.37) 


6.3.4.3 Extended scene over entire acquisition 
Figure 6.24 shows results of the relative K-space shift for five point-like scat- 
terers when both receivers are flying a circular trajectory. A top-view of the 
geometry is shown in Figure 6.23. The K-space is evaluated for the slow-time 
ta =[—15,..., +15] [s]. 4 = 0 refers to the point of acquisition where yr; = yar = 0, 
that is, the scenario described in Section 6.3.1. The solid line in Figure 6.23 depicts 
the receivers’ trajectory flown during this time interval. For illustration purposes, the 
trajectory is extended with a dashed line. 

First, the trajectory of receiver R) with reference to the point scatterer P at 
(12,000 ; 0) [m] was created. Based on this trajectory, the path of receiver R; accord- 
ing to (6.37) was calculated. When comparing Figure 6.24 to Figure 6.22, one can 
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Table 6.5 Optimum trajectory parameters 


Parameter 


Value 


Illuminator of opportunity 

Carrier frequency fc 

Signal bandwidth B 

Transmitter incident angle wr 
Height of transmitter 

Distance transmitter to scene center 
Altitude of receivers 

Receivers trajectory 

Velocity of receiver 1 |Va.1| 
Velocity of receiver 2 |Vri| 


DVB-T (8k mode) 
600 MHz 

7.61 MHz 

89.9° 

10m 

12,000 m 

5,000 m 

Circular 

68.778 m/s 

65 m/s 


Bistatic geometry 


Receivers incident angles Wr 1, Wr2 
Angular separation of receivers Aw 


47.98°, 46.13° 
1.85° 


5,000 : 
: o Transmitter 
j hed —Trajectory of R, 
Pd —Trajectory of R, 
ti x Point scatterer 
ti 
€ 
toed x x 
a 0° x 
* x x 
T 
a t 
N 
v a 
` x 
N 
5,000 
0 5,000 10,000 15,000 
x-axis [m] 


Figure 6.23 Sample case study geometry for multi-PCL-SAR with circular 
trajectories (top view). The position of the transmitter is marked by a 
circle, the crosses mark the positions of the scatterers. © 2017 
Elsevier. After, with permission, from [50] 
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clearly see that the relative K-space shift holds A f (P1) = 0 for the complete time of 
acquisition for the circular trajectories. This is obvious, as P, is the point of reference 
for this simulation, thus confirming (6.36) and (6.37). When comparing the relative 
K-space shifts for the points P, to Ps, one notices Af(P,,), n € {2,3,4,5} is almost 
constant, although it deviates from the optimal value Af(P,,) = 0. The dependencies 
of the relative K-space shift upon (i) the azimuth position of the scatterers and (ii) the 
slow-time f, are now significantly reduced (compare Figure 6.22). The advantage 
coming from a non-varying relative K-space shift between the spectra is evident for 
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Figure 6.24 Relative K-space shift for five point-like scatterers over entire 
acquisition: circular trajectories case. © 2017 Elsevier. 
After, with permission, from [50] 


the range as for the subsequent azimuth SAR processing. Specifically, a constant 
relative K-space shift during the acquisition, which only depends upon the position 
of the scatterer, allows defining a maximum area which can be imaged, according to 
the requirements on range resolution improvement degradation and side-lobe level 
increase (see last comment in Section 6.3.3.2). Basically, by exploiting circular trajec- 
tories, the results of Figure 6.17 (which were obtained for the single mid-acquisition 
instant fao) are now valid for the entire acquisition. On the other hand, a varying 
relative K-space shift during the acquisition affects the overall signal occupancy in 
the wavenumber domain (or equivalently K-space and Doppler domain). This clearly 
impacts the subsequent azimuth processing, as the characteristics of the azimuth pulse 
response of a given scatterer are directly affected. 

In [50], an analysis is conducted evaluating the K-space shifts for realistic 
trajectories. 


6.4 Experimental verification 


6.4.1 Scenario definition 


6.4.1.1 Location of the measurement campaign 

A measurement campaign site in the countryside of western Germany was chosen. 
A number of SFNs cover the western part of Germany as well as France, Nether- 
lands, Luxembourg, and Belgium. Regarding the digital television status, Germany 
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is in the progress of soft-switching from DVB-T to the new version of the standard 
DVB-T2 [49], which means, DVB-T stations in densely populated and metropoli- 
tan areas were switched to DVB-T2 first, while stations serving the countryside will 
follow later. Figure 6.25 shows a map of the measurement campaign site and the sur- 
rounding region with annotations to mark the exploited transmitter of opportunity and 
some surrounding SFNs. The SFNs are labeled with SFN Al, A2, and B1, where the 
letter indicates SFNs using common frequencies, and the cypher indicates a running 
number in order to differentiate between distributed SFNs. Close to the center of Fig- 
ure 6.25, one Tx (Eifel) is marked with SFN A1—IO, which is regarded as the transmit- 
ter of opportunity transmitting DVB-T signals at carrier frequencies fc = {674, 690} 
MHz using 16-QAM. A zoom into the region around Tx Eifel is provided in the upper 
right corner of Figure 6.25. The white arrows define the trajectories of the airborne 
receiver. A single DVB-T channel occupies a bandwidth of 8 MHz of which it uses 
7.61 MHz to transmit on 6,817 subcarriers in the 8k mode [38]. The SFN in the north- 
ern part of the map (labeled as SFN A2) is transmitting at the same frequencies as 
SFN A1. It is located in and around the densely populated area of Dusseldorf. In fact, 
there are more SFNs transmitting at the mentioned frequencies around the considered 
IO in all directions, but in order to show the principle and to keep Figure 6.25 clear, 
only the closest SFN is depicted in Figure 6.25. The SFN around the city Dusseldorf 
is transmitting a DVB-T2 signal in either the extended 16k or 32k mode, which means 
it occupies 13,921 or 27,841 carriers in the bandwidth of 8 MHz [49]. By doing so, it 
extends the occupied bandwidth by 0.16 MHz compared to the 8k mode of DVB-T. 
As the DVB-T2 SFNs transmit in extended mode, we have the chance to differentiate 
between the DVB-T and the DVB-T2 signals in frequency domain and, therefore, it 


Figure 6.25 Map of the region with some annotated SFNs. The IO is marked with 
SFN A1l—IO. A zoom into the region around the IO is shown in the 
upper right corner where the trajectories of the airborne receiver are 
labeled with T1, T2, and T3. Image source: Google Earth 
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gives us the possibility to indicate the strength of CCI in UHF as long as the DVB-T2 
is weaker than the DVB-T signal. But as the measurement’s location is closer to the 
DVB-T Tx Eifel, the DVB-T signal should be the stronger one. 


6.4.1.2 Description of the receiving system 

The receiving system used in the airborne measurement consisted of a front-end and a 
back-end. The back-end is a two channel software-defined radio radar receiver, which 
is able to sample two receiving channels at a sampling frequency fs = 64 MHz with 
an effective bandwidth of 32 MHz. The front-end consisted of two antennas. Each 
antenna was connected to one of the two receive channels. Furthermore, a GPS-aided 
IMU was included providing accurate platform-position truth data. 

The front-end was integrated in a pod, which can be mounted beneath the wing 
of an ultralight aircraft. The usage of an ultralight aircraft limits the weight that can 
be carried additionally. Also, as the pod is mounted outside of the ultralight aircraft, 
the pod’s dimensions are very restricted as its shape influences the ultralight aircraft’s 
aerodynamics and flight characteristics. The pod together with equipment mounted 
inside of it is shown in Figure 6.26. It shows both antennas at the bottom, the IMU in 
the center of the pod, and radar-absorbing material (RAM) mounted on the opposite 
side, which was used to achieve a signal attenuation toward the IO in order to prevent 
damaging of the hardware equipment due to an expected strong direct signal from 
the IO. A strong direct signal was expected due to the close range to the Tx Eifel; and 
the exact strength of the direct signal could not be determined due to the unknown 
tilting of the transmit antennas. The RAM was not matched to the UHF wavelengths, 
but due to the restricted size of the pod, the space for mounting the equipment was 
limited. The limited space inside the pod is as well the reason for choosing discone 
omnidirectional antennas: generally, it is preferred to use directive antennas with a 


Figure 6.26 Front-end integrated in a pod 
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higher gain, such as Yagi-Uda antennas. However, these antennas have usually greater 
dimensions compared to the ones, thus not fitting into the pod. The equipment is 
mounted on a plate consisting of plastic material, and the plate is mounted inside the 
pod. In between the ground plate and the pod, a gap of approximately 5 cm was left in 
order to have space for two GNSS antennas needed for the IMU. Figure 6.26 shows 
the pod upside-down, which means the pod was flipped around the longitudinal axis 
to be mounted on the bottom of the airplane’s wing. The ultralight aircraft with the 
pod mounted below the wing is shown in Figure 6.27. The receiver was flying on a 
circular-like path around the Tx and recorded data when flying on trajectories marked 
by the white arrows which are labeled with T1, T2, and T3 in Figure 6.25. 


6.4.2 Image results of PCL-SAR 


The data for the image results shown in this paragraph have been collected on leg T2 
(see Figure 6.25). The velocity of the aircraft was 40-50 m/s and height above ground 
was about 680 m. The right side-looking PCL—SAR system described in Section 6.4.1 
was used to acquire the direct and ground-reflected DVB-T signal. The DVB-T trans- 
mitter Eifel was about 5—6 km away from the radar and the antenna mast height is 
approximately 300 m. The parameters of the transmitter are summarized in Table 6.6. 

The individual processing steps to focus the radar raw data are shown in the 
block diagram in Figure 6.28. In a first step, the output of the two-channel analog-to- 
digital converter is individually preprocessed. Then, the CCI suppression as described 
in Section 6.2.6 is performed, which is absolutely necessary if interfering signals 
from other SFNs (transmitting at the same frequency) are present. The next steps 
include the synchronization to the transmitter, decoding of the signal according to 
the DVB-T standard [36] and the remodulation. At the end of these steps, a replica 
of the transmitted signal is available, which can be used as a reference signal for 
range compression. The range compression itself is done using a RpF as described 


Figure 6.27 Ultralight aircraft with a pod under the right wing for PCL—SAR 
measurements 
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Table 6.6 Parameters of the DVB-T transmit 


signal 
Parameter Value 
Center frequency 690 MHz 
Bandwidth 7.61 MHz 
Power (ERP) 50 kW 
Number of carriers 6,817 
Polarization H 
Symbol length (PRI) 1.12 ms 
Modulation 16-QAM (8k mode) 


CCI 
suppression 


Raw 
data 


Synchronization 


Preprocessing Ch.2 


INS data 


Range 


: Remodulation 
compression 


Back projection Decoding 


Figure 6.28 Processing steps 


in Section 6.2.4, which is able to eliminate unwanted DVB-T signal characteristics, 
e.g., ambiguities and side lobes, which are responsible for a higher noise level. The 
last step is the azimuth compression using the bistatic back projection algorithm as 
described in Section 6.2.5. 

Figure 6.29 shows a Google Earth image of the scene, where the area of the 
processed SAR image is visually accentuated. The grazing angle from a point in 
the center of the scene to the transmitter is only 4° and to the receiver 19°, which 
means a bistatic angle of 15°. According to this geometry and the available signal 
bandwidth, the expected ground-range resolution is about 20 m. The cross-range 
resolution mainly depends on the processing angle used for the azimuth focusing. It 
was about 10° resulting in a cross-range resolution of about 2.5 m. 

In order to illustrate the effect of CCI suppression on the image results, the image 
in Figure 6.30(a) was calculated using the processing steps sketched in Figure 6.28 but 
without CCI suppression, whereas the image in Figure 6.30(b) was calculated apply- 
ing the suggested CCI approach. The enhancement in SNR is remarkable. Many 
details in Figure 6.30(b) become visible only due to the CCI suppression. The pixel 
spacing in both images is 4 m x 4 m. Due to the hilly terrain (which is not visible 
in the Google Earth image), there are some regions with no direct LOS to the trans- 
mitter. Nevertheless, it seems that reflections within these regions are visible in the 
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Figure 6.29 Google Earth image of the area shown in the radar images 
in Figure 6.30 


SAR image. Therefore, effects like shadowing, diffraction, and foliage penetration 
require further investigation. The SAR images show especially strong reflections from 
wooded areas so that they can be clearly distinguished from grassland, see e.g., the 
region around (x = 0, y = 0) of Figure 6.30(b). The highway, which is nearly parallel 
to the flight track, is also clearly visible. 


6.5 Conclusions 


This chapter addressed the problem of multistatic PCL—SAR (multi-PCL—SAR). The 
work introduced a model for PCL—SAR raw received signals together with a signal 
processing scheme. In addition, the exploitation of multiple receivers is addressed in 
order to increase the range resolution of the multi-PCL—SAR system. In particular, it 
was shown by simulation how PCL-SAR acquisitions over the same area taken with 
different elevation angles result in shifted signal supports when the data are projected 
onto the K-space, and how this can be exploited to increase the resulting ground- 
range resolution. The behavior of the K-space shift between two acquisitions was 
also analyzed over an extended area and over the synthetic aperture for two different 
classes of platform trajectories, namely rectilinear and circular. The chapter concludes 
with an overview of the current PCL-SAR experimental activities performed over the 
last years at Fraunhofer FHR. 
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Figure 6.30 Airborne PCL—SAR image (a) without and (b) with co-channel 
interference suppression. © 2018 VDE VERLAG, Berlin, Offenbach. 
After, with permission, from [57] 
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Glossary 

The following list includes the acronyms used in this chapter: 
ACF autocorrelation function 

AWGN additive white Gaussian noise 

CCI co-channel interference 

CTF channel transfer function 


DAB digital audio broadcast 

DOF degrees of freedom 

DVB-T digital video broadcast-terrestrial 
DVB-T2 digital video broadcast-terrestrial 2 
ENU east north up 


ERS European remote sensing 

FM frequency modulation 

GNSS global navigation satellite system 
GPS global positioning system 

IDFT inverse discrete Fourier transform 
IMU inertial measurement unit 

IO illuminator of opportunity 

ISI inter-symbol interference 

LOS line of sight 

MF matched filter 

MFN multifrequency network 

OFDM orthogonal frequency division modulation 
PCL passive coherent location 


QAM quadrature amplitude modulation 
RAM radar absorbing material 


RpF reciprocal filter 

Rx receiver 

SAR synthetic aperture radar 
SFN single frequency network 
SNR signal-to-noise ratio 

Tx transmitter 


UHF ultrahigh frequency 
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Chapter 7 


Sparsity-driven multistatic ISAR image 
reconstruction 


Stefan Brisken! 


The conventional, monostatic way of producing inverse synthetic aperture radar 
(ISAR) images leaves the user with significant problems in the image interpretation. 
An ISAR image is the estimate of a two-dimensional (2D) projection of the target’s 
three-dimensional (3D) reflectivity distribution. The image projection plane (IPP) is 
usually unknown. To recognise a target, e.g. for non-cooperative identification (NCI), 
the image (or features extracted from the image) has to be compared against a database 
that contains all possible projections of all possible targets. Obviously, the creation of 
such databases is very cumbersome and in fact one of the main reasons why automatic 
NCI has not found widespread application yet. Figure 7.1 illustrates the problem. 

It is true that the problem of the IPP exists for optical images, too. The interpre- 
tation of ISAR images is — apart from the lower resolution — anyway more difficult 
for two other reasons. For once, in ISAR, the targets are usually only illuminated 
from one side. This consequence is that a large fraction of the target is shadowed 
and the image looks incomplete. In optical images, if there is illumination at all, 
this illumination is typically scattered light from many directions. Furthermore, the 
surface roughness of imaged objects is often on a larger or a similar scale compared 
to optical wavelengths. This leads to diffuse scattering which causes the same part of 
a target being visible from very different aspect angles. At radar wavelengths, scat- 
tering on surfaces of typical ISAR targets is specular, and the scattering behaviour of 
well-defined geometrical shapes depends strongly on incident and observation angle. 
This means that a database for ISAR-based NCI does not only need to contain data 
for all possible IPPs but also for all possible aspect angles, and eventually even for 
all possible bistatic angles. For optical images, on the other hand, the aspect angle is 
directly related to the IPP and does not represent an additional degree of freedom. 

This chapter, therefore, presents a method that approaches this problem by com- 
bining measurements from distributed radars. The illumination of the target is more 
uniform in this case, the resulting images can hence be expected to look more com- 
plete. Furthermore, the new method pursues a 3D reconstruction, which ultimately 
solves the problem of the IPP. Relative scatterer positions as well as target features, 
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Figure 7.1 Conventional monostatic ISAR imaging of 3D objects leads to 2D 
projections that can have very different appearance. The simulation in 
this figure includes eight isotropic point scatterers, represented by the 
red dots. After radial motion compensation, the trajectories of sensors 
in the target fixed coordinate system can be displayed as lines on the 
surface of a sphere. Every possible line corresponds to a possible IPP 
that has to be included in NCI databases 


such as length and width, become invariant under aspect angle changes. The effort 
to create NCI databases can, therefore, be greatly reduced. Moreover, the combined 
image is on the same grid for all sensors. This allows to conclude back onto the 
angular dependence of the reflectivity of single scatterers. In theory, this information 
could be used to conclude on the respective scattering mechanism. 

A small number of papers deal with the possibility of combining the data from 
different spatially distributed radars (e.g. [1—3]). This idea, however, faces two severe 
constraints, explained in the following section. The technique presented in this chapter 
sets itself apart from previous work in that it respects both constraints. 


7.1 Constraints 


7.1.1 Spatial decorrelation 


A straightforward approach to ISAR image combination would be to add up the 
complex images from different receivers. Unfortunately, the isotropic point scatterer 
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Figure 7.2 Reflectivity distribution for two different scenes, colour coded in red: 
(a) isotropic point scatterer on the grid and (b) isotropic point scatterer 
off the grid 


assumption, which is used for monostatic ISAR, does not hold for the case where 
the aspect angles of the radars are very different. Figure 7.2 supports the explanation 
of this fact. In Figure 7.2(a), there is a single point scatterer q in the scene, which 
coincides with a point 7 on the image grid. The received noise-free, range-compressed 
frequency domain signal in this case would be 


Y(f,T) = ISF, T)? Ag FOP ROH (7.1) 


where S(f, T) is the transmitted frequency domain signal at frequency f and transmit 
time (macro time) T. R(T) is the position of the radar at T. Applying a matched filter 
for each image pixel 7 would yield 


A?) 2 y y ISC, PPA, | eO -RT| | pide(f/0)|F-RO)| 
7 


F 


=> ISE, T)? 4e (1.2) 
T: f 


and the point 7 on the grid would get appointed the phase ¢ = 0, regardless from the 
position of the sensor. In Figure 7.2(b), however, a single point scatterer is off the 
regarded grid point, at a coordinate 7, and (7.2) becomes 


AG) = F “ISL, TPA, elan- (7.3) 
f 


p 


The phase term in (7.3) contains the range difference between grid point and point 
scatterer. From Figure 7.2(b), it can be seen that this difference depends clearly on 
the aspect angle. This means that phase and amplitude of A(?) do not correspond if 
observed from different angles. More generally, it becomes clear from (7.3) that any 
reflection from a point in the vicinity of a grid point causes an aspect angle-dependent 
contribution to the grid point’s amplitude and phase value. 
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The point scatterer model furthermore neglects the fact that for real targets, the 
continuous points that constitute the target surface interact with each other via currents 
and multi-bounce. This introduces an additional dependence on aspect angle, bistatic 
angle and polarisation into the received signal. 

Due to this mismatch between the discrete point scatterer assumption and reality, 
it cannot be assumed that complex values of the same grid point will add up construc- 
tively if the corresponding observations result from very different aspect angles. 

This effect is called spatial decorrelation. The magnitude of this effect with vary- 
ing aspect/bistatic/polarisation angle is different from target to target and from grid 
point to grid point and empirical values are missing in the open literature. Avail- 
able data exist from investigations in the field of interferometric synthetic aperture 
radar (InSAR) [4], where the effect is also important. However, scattering proper- 
ties of the surfaces regarded in InSAR are fundamentally different from the targets 
of interest in ISAR. The results are, therefore, not portable. The bottom line of the 
above-mentioned analysis is that all methods of image combination that assume coher- 
ent image reconstructions under very different aspect/bistatic/polarisation angles are 
ruled out in reality. 


7.1.2 Foreshortening effect 


The second important constraint is derived from the fact that radars and target are 
usually distributed in all three spatial dimensions and the scatterers on the target are 
also distributed in 3D. A scatterer that does not lie in the IPP will not appear at its 
orthogonal projection, but at the intersection between its iso-range and the IPP. For 
sensors in different positions, this intersection falls into different points in the IPP. 
Figure 7.3 displays this effect, which in the radar terminology is named foreshortening. 
To quantify the effect, regard a scene like in Figure 7.3, with a radar located at 
a height z, above the IPP and a scatterer g located at a horizontal distance x, and a 
vertical (relative to the IPP) distance z, from the radar. For the iso-range |r| applies 


p Sr S tz (7.4) 


The foreshortening Ax = x, — x4, horizontally to the IPP in the direction towards the 
respective sensor, is, therefore, given by 


Ax = xX? +22 — z? — xq. (7.5) 


The approach to fuse images in the 2D domain is, therefore, limited to the rare case, 
where all scatterers coincide to lie in the IPP. Thus, resolving the target in three 
dimensions is not only a benefit but is mandatory for forming a combined image 
from distributed sensors. 


7.2 Problem formulation 


As a consequence from the restrictions due to spatial decorrelation and foreshort- 
ening, this chapter presents a method that fuses the image data in the 3D spatial 
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IPP CRA) 


Figure 7.3 Foreshortening effect: a scatterer with coordinates (x4,Z4) is projected 
into the IPP at coordinates (Xp,Z)). The projection coincides with the 
intersection of the iso-range and the IPP. Hence, the same scatterer is 
projected onto different positions (always following the iso-range) in 
the IPP if observed from different positions (represented by the different 
origins of the red and green lines) 


domain and does not require coherence between different receivers. For this purpose, 
a sparse reconstruction method is utilised, namely the block orthogonal matching 
pursuit (OMP) (BOMP) [5]. Recently, BOMP was proposed as a tool to increase the 
resolution in passive SAR images [6] and for sensor fusion in passive coherent loca- 
tion [7]. Other reconstruction methods, for example the combined £; /£2 optimisation, 
which are also mentioned in [7], could be used for the same purpose, but BOMP is 
chosen because it is computationally very efficient for high sparsity levels. As the 
reconstruction method itself is able to handle arbitrary target motions, it is also suited 
to form multi-aspect ISAR images. 

Regard a setup in which L radar sensors labelled / = 1,...,Z observe a common 
target. A sensor can be a monostatic or a bistatic radar. In the multistatic set-up, / 
always refers to one combination of transmitter and receiver. Assume that the complete 
target motion is known and that the coordinates of the sensors can be transformed into 
a target-fixed coordinate system, where the coordinate of sensor / at time Tn, m = 
1,...,M is labelled RO. 

The task is to reconstruct the reflectivity distribution of the target. For this pur- 
pose, a grid of points is defined for which the reflectivity is evaluated. Let 7, be 
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the coordinate of the image point indexed with n = 1,..., NV. In conventional image 
reconstruction with compressive sensing, the reflectivity of 7, is written by its respec- 
tive entry in a vector x = (x),%),...,Xy)’. This notation is eligible for the monostatic 
case but does not respect the fact that the phase and amplitude of the reflectivity are 
aspect angle dependent. 

For the multistatic case, the notation is, therefore, modified and the complex 
reflectivity x® towards sensor / is defined as 


OSG a ay (7.6) 


where the index n again relates to a point 7,,n = 1,...,N on the 3D image grid. 

The range-compressed receive signal vector in the frequency domain y®, as 
observed by a single sensor /, is sorted by frequency fy, k = 1,...,K and by slow 
time T,,,m=1,...,M: 


(7.7) 


yo ae Tu) 


The signal model used for the reconstruction can be described by L linear equation 
systems, respectively, written in the form 


yO = AOxX® + n, (7.8) 


where n® is the noise contribution and A® is a sensing matrix: 


AË, Tor) © ASP, Taury) 

AO = ACE TF) aa AK”, Ta Fn) l (19) 
AG? To, Ti) a ACP, To, Fx) 
ASE, Tui) = ASR, Tu, TN) 


The elements of A” are defined as 
nrf gr, 7. 
ACT. ie Fa) = POP Je i2nf, a (Tm,Fn)/¢ (7.10) 
given that the total distance from transmitter to target to receiver: 


A (Ty, Pn) = ROT) — E| + ROT — Gnd) 5 (7.11) 
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where ROT m) and ROL m) are the coordinates of transmitter and receiver belonging 
to sensor /, respectively. P(f<”) means the point spread function of sensor / in the 
frequency domain. If a matched filter is used for range compression, the point spread 
function is given by P!(f.?) = |S), where S(f.”) is the transmit signal in 
the frequency domain. 

In this problem formulation, the different y® can have different length. Obviously, 
the sensor positions R(T,,) are different for different sensors, but also the frequencies 
0 and point spread functions P( f”) are not required to correspond. Hence, this 
signal model is well suited to fuse ISAR data from heterogeneous sensors. As the 
objective is to form a combined image, the grid coordinates 7,, should be the same for 
each sensor. Nevertheless, this signal model does not assume that scatterers observed 
by separated radars must have the same phase or amplitude. 


7.3 Reconstruction 


Although scatterers do not have the same complex reflectivity towards different radars, 
they may still appear on the same position 7, on the grid, at least for some of the 
observing sensors. To use this feature, first construct an N-by-L matrix X, by writing 
the reflectivity distributions x in adjacent columns: 


x® x? IOP x 
x. oe xP 

x=] | aa (7.12) 
xD xO a 


Each row in X corresponds to a point on the grid, each entry within a row to this 
point’s complex reflectivity towards the different sensors. Subsequently, construct a 
vector £, which is the £2-norm of the rows of X: 


1 2 E 
LEP aP oo x1”) 
1 2 Ł 
L$ ) x$ MS ag x$ » 
E=] | j e (7.13) 
1 2 E 
f(xy xy t+ XN) 


The £3-norm of a vector is the square root of the sum of the absolute squares of its 
entries, hence: 


Lox, xP... xP) = (7.14) 


A central assumption for the reconstruction of the x is that € has only a small 
number s of non-zero entries. This property is usually referred to as block sparsity. 
Other than for SAR, in ISAR, this can be considered to be realistic after the removal 
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of eventual clutter. Note the analogy to conventional sparse reconstruction methods, 
such as OMP [8], which require the sparsity of x. Another precondition relates to the 
coherence properties of the sensing matrix. To characterise the convergence properties 
of the BOMP algorithm, [5] defines two quantities, namely block-coherence upg and 
sub-coherence v. The block coherence is defined as 


1 
Hean 7 PBL, r]), (7.15) 


where B[/,r] = A®t A” and p(B) means the spectral norm, defined as 


p(B) =v Amax(B'B), (7.16) 


with Amax being the largest eigenvalue of a matrix BB. The definition of the sub- 
coherence is 


v = max max la/aj|, (7.17) 
I ijéi 


where a; and a; are columns of A”. Per definition, it is v = 0 for L = 1. 

These quantities are required to be small, which sets a lower limit on the grid 
spacing. Eldar et al. [5] furthermore derive a sufficient convergence criterion for 
BOMP for the noiseless case, which relates sparsity level s, block length Z, block 
coherence and sub-coherence to 


1 
sL< 5 (us! +r-0- D5). (7.18) 
2 HB 
Note that for L = 1, (7.18) becomes 
zj 1 
T = (7.19) 


which is exactly the condition for OMP. 

Fang et al. [9] present the conditions under that the signal can be recovered 
correctly in the presence of noise. Both articles, [5,9], derive sufficient convergence 
conditions, but experience has shown that a correct or nearly correct solution for the 
x” can be obtained very often, even though the aforementioned criteria are not strictly 
met. A statistical analysis that relates the quantities in (7.18) to a recovery probability 
is — to the author’s knowledge — still missing. 

The reconstruction strategy of BOMP is similar to the conventional OMP: in each 
iteration it of a loop, the algorithm 


1. estimates the matched filter bank response MO = A? r" for a residual signal 
FH (initially FO = 9), 
2. constructs a vector 


A(l) AQ A (L 
LM, ) in\ A Sees Mm) ) 
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(the construction of from mi” is completely analogue to the construction of £ 
from x), 

3. finds the index max of the maximum entry of ĉ (thereby identifying the pixel 
on the grid, from which the most energy was received) and merges fina, into an 
index set 7” = 7-1 U fmax} (initially E = ø), 

4. constructs a partial sensing matrix E®, which is constituted only by the columns 
of A” listed in 7”, 

5. calculates the complex weights 


x =f = 
W = (EOE) | BOG 


which is the linear least square estimator that minimises |y — EOw|? with 
respect to the vectors w” that list only the reflectivities of the scene points found 
in the index set /”, 

6. calculates the updated residual signal by F"+! = yO — BOW, 


until the energy in the residual signal r” falls below a threshold value or a maximum 
number of iterations are reached. The resulting reflectivity of the scene %” for the 
individual sensors / is obtained by setting the elements of $” that are included in the 


final index set to 20 = Ww”) and the other coefficients to zero. 


The combined image is then represented by the resulting é constructed from the 
&s, Note that constructing & and ¢ are the only steps in which data resulting from 
different sensors are associated. In the construction of both vectors, the phases are 
discarded by the absolute squares and the distribution of the amplitudes towards the 
individual sensors is omitted by summing up. Thus, in steps 2 and 3, the requirement 
for coherence between the sensors is eliminated, while steps 1, 4, 5 and 6 are processed 
individually for each sensor. 

For the reconstruction, no assumption on the form of target motion was made. 
The applicability of the proposed method is, therefore, not limited to special cases. 
Furthermore, the different sensors may work with totally different frequencies and 
signal forms. 

BOMP and the underlying OMP have often been criticised for the difficulty to set 
the termination criterion a priori. If the termination threshold on the residual energy is 
too high, (B)OMP will miss to select scatterers that exist on the target. If the threshold 
is set too low, (B)OMP selects false scatterers due to noise contributions. This is in 
fact a problem if one is interested in a 100% correct solution. In the ISAR case, 
false scatterers can be accepted if their reflectivity level is significantly below that of 
the dominant real scatterers. In principal, the same problem occurs for any imaging 
algorithm where one is confronted with selecting the threshold of the dynamic range 
presented in the image. Some small spurious contributions are usually accepted in 
the image in order to not suppress too many weak scatterers. 

The problem of the termination criterion could also be addressed from the appli- 
cation point of view. If it is known how many scatterers are necessary for a particular 
task, the algorithm could be terminated after this preset number of iterations. It is 
then on the radar system to provide sufficient SNR to accomplish the task for a given 
range. 
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Table 7.1 Simulated intensity and phase as seen by the different sensors 


Scatterer no. 1 2 3 4 5 6 


Relative scatterer intensity [dB] 


Sensor 1 —6 0 —10 —24 —8 —30 
Sensor 2 —26 —39 —12 —6 —22 —21 
Sensor 3 —7 —16 —22 —14 —15 —11 
Sensor 4 —9 —10 —6 —22 —97 —26 
Sensor 5 —48 —36 —4 —9 —25 —15 


Relative scatterer phase [rad] 


Sensor 1 2.5 —2.7 2.4 —1.2 0.9 —2.6 
Sensor 2 —0.2 —1.1 —1.9 3.0 1.5 —2.1 
Sensor 3 1.6 —2.1 1.4 —3.1 2.7 —2.0 
Sensor 4 0.8 —2.8 —1.9 —0.3 0.0 1.7 


Sensor 5 —2.3 0.4 —0.9 1.1 2.5 —0.8 


7.4 A simulated example 


The image reconstruction shall now be demonstrated in a simulation. The simulated 
target consists of independent scatterers distributed in three dimensions. The individ- 
ual scatterers are not isotropic but have different random amplitudes and phases for 
different sensors. The realisations of these random values for the simulation displayed 
here are denoted in Table 7.1. 

The target moves as a rigid body along a fraction of a Euler spiral, whose param- 
eters have been created via Monte Carlo simulation. The velocity is set to 1 m/s. A 
top view of the target motion is depicted in Figure 7.4. The orientation of the target 
follows the velocity vector, as is often the case for ground targets. 

The sensors are distributed around the target at different heights. Transmitter 
and receiver of each sensor are co-located. The locations of the sensors are listed in 
Table 7.2, and a top view of the simulated geometry is displayed in Figure 7.5. 

The radars transmit chirp signals of 800 MHz bandwidth at a centre frequency 
of 8.9 GHz. The pulse repetition frequency is set to 100 Hz, the coherent processing 
interval is 5 s. The full signal for each sensor yo therefore has 128,000 samples, 
of which 3,000 were chosen randomly for the reconstruction, along with the corre- 
sponding entries in A”. White Gaussian noise is added to the signal with a level of 
—30 dB relative to the strongest scatterer (see Table 7.1), after range compression. 

Figure 7.6 shows the aggregated images projected into the Y—Z, X-Z and 
X-Y plane. The purple circles represent the true location of scatterers. Obviously, the 
algorithm has reconstructed the target’s reflectivity distribution with high accuracy. 
The locations of reflectivity peaks largely coincide with the real position of the scat- 
terers. Furthermore, some additional non-zero entries are visible, which are the result 
of spurious noise contributions. For additional iterations, more noise contributions 
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Figure 7.4 Top view of the trajectory of the simulated target. The blue circles 
represent the end point of the trajectory (red) of the individual scatterers 


Table 7.2 Simulated positions of the 


Sensors 
x y z 
20 —110 40 
—100 —155 0 
5 10 —310 
—155 100 —50 
90 200 120 
200 p * 
100 F * 
E 
BN ot z 
-100 7 * 
r , , 
-200 -100 0 100 


X [m] 


Figure 7.5 The blue crosses indicate the X and Y coordinates of the sensors, 
relative to the target (red) starting at (0, 0, 0). For the Z coordinates 
please refer to Table 7.2 
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Figure 7.6 Orthogonal projections of the reconstructions of the target reflectivity 
with BOMP (a) Y-Z projection, (b) X-Z projection, (c) X—Y projection 
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Figure 7.7 Relative scatterer energy, associated to their position on the x-axis. The 
magenta bars indicate the true values. The circles indicate the estimate 
values. Different colours indicate different y-positions 


can be expected, but on a level below that of those already included in the image. 
The relative strength of true and reconstructed scatterers can be better compared in 
Figure 7.7. It shows the reconstructed reflectivity values as circles and the true values 
as magenta bars, both assigned to their respective x-position. The main reason why 
the reconstruction is not perfect is because the simulated scatterers do not exactly 
coincide with the grid points. This problem is often called the off-grid problem and 
well known in compressive sensing. The problem is not addressed here, but subject 
of several dedicated papers (e.g. [10—12]). 


7.5 Experimental results 


The applicability of the algorithm shall now be tested on real data, collected by the 
Fraunhofer Institute for High Frequency Physics and Radar Techniques in Wachtberg, 
Germany. The software-defined radar LabRadOR [13] serves as transmitter and co- 
located receiver. The target (Figure 7.9(b)) is placed on a turntable with adjustable and 
well-known rotation vector. The horizontal distance from the centre of the turntable 
to the radar was measured with a laser distance measurement system to be 87.5 m. A 
scissor lift elevated the radar antennas to a height of 3.90 m. The height of the target is 
roughly estimated to be 3 m. The IPP is set to z = 2 m. Instead of employing multiple 
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Figure 7.8 Turntable images from different azimuth aspect angles: (a) 0°, (b) 30°, 
(c) 60° and (d) 90° 


radars, data sets from different aspects (here 0°, 30°, 60° and 90° azimuth rotation) 
are used to emulate a multistatic radar. In the literature, this technique is often called 
multi-look. 

Obviously, this geometry represents the special case where all emulated radars 
and the target are almost coplanar. On the one hand, this means that the target cannot 
be resolved in 3D. In the words of compressive sensing, the coherence of the sensing 
matrix would be too high. On the other hand, it means that the foreshortening effect 
is very limited. For the given geometry, according to (7.5), the displacement of a 
scatterer in two images does not exceed 5 cm. Consequently, for this data set, a 2D 
grid has to be used. The pixel size is set to 10 cm in both dimensions, twice the value 
of the maximum expected foreshortening. Figure 7.8 shows the individual images, 
produced with the OMP algorithm. The combined image, produced with BOMP, is 
displayed in Figure 7.9(a). If compared to the optical image in Figure 7.9(b), it comes 
clear that the combined image represents the outline of the target better than the 
individual images. 
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Figure 7.9 (a) Combined image resulting from four (emulated) radars situated at 
0°, 30°, 60° and 90° azimuth angle and (b) optical image of the target 
on the turntable 


7.6 Conclusion 


The simulation proves that BOMP can be used to eliminate the requirement of a 
coherent return signal in 3D multi-aspect ISAR. This, of course, is only one of the 
several criteria for the applicability to real scenarios. Apart from the convergence 
conditions already mentioned in the chapter, the performance of the technique in 
reality furthermore depends on 


noise properties 

motion estimation errors 

system accuracy (antenna positions and system delays) 
imaging geometry 

target scattering properties. 


The noise properties in ISAR images often deviate from the white Gaussian noise 
model, which was used to derive the convergence conditions in [9]. Therefore, this 
condition might not be exactly portable to this application. 

The response of BOMP to motion estimation errors and system accuracy is still 
to be quantified. Experience indicates that greedy algorithms, such as BOMP or 
OMP, react significantly more sensitive to inaccurate sensing matrices than the classic 
matched filter does. In principle, an image quality-based autofocus algorithm could be 
applied to the combined 3D image, in order to estimate the target’s motion parameters 
and optimise the image quality. Let x be a vector of motion parameters that is used 
to construct the sensing matrices A(x). Then an estimator for x could be 


i= arg min{€:(&(x))}, (7.20) 
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where é is constructed like in Section 7.3. However, computing é is already very time 
consuming. Iterating this step in an optimisation algorithm is, therefore, regarded as 
a very interesting task for future research and will require a fast computer. 

An imaging geometry that is not appropriate to resolve the target in three dimen- 
sions will directly be indicated by a high coherence of the sensing matrix. Thus, the 
requirements to the imaging geometry are implicitly included in (7.18). 

The scattering properties of the target obviously affect the value of the block 
sparsity. Furthermore, if shadowing or anisotropy of a scatterer effects that it is only 
visible to a single sensor, it might be allocated to a wrong position, but the contribution 
of this scatterer to the signal would still be subtracted correctly. Therefore, the progress 
of the algorithm is not disturbed. However, such behaviour can be expected to degrade 
the performance of classification algorithms applied to the image. 
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Chapter 8 


Rotor blade parameter estimation with 
multichannel passive radar 


Marcin Kamil Bączyk! and Jacek Misiurewicz! 


8.1 Introduction 


This chapter is dedicated to the radar measurements of rotary-wing aircraft param- 
eters. It concerns primarily helicopters as targets; however, the considerations 
presented herein are also valid, at least in part, for a wider class of aircraft, includ- 
ing multicopter drones. The chapter focuses mainly on blade echo detection and the 
estimation of blade parameters, as the presence of a rotor with moving blades is a 
common distinguishing feature specific for this class of targets. 


8.1.1 Problem formulation 


The classification of helicopters not only raises an important problem in itself but 
is also closely related to the detection process. Any copter poses challenges as a 
radar’s target due to its relatively low speed (possibly as low as zero when hovering) 
and typically low flight altitude (i.e. on its way down to hide behind various land 
forms). Thus, recognition of specific echo properties that differentiate the helicopter 
from other (unimportant) objects usually constitutes a part of helicopter detection 
algorithms. In general, the copter already detected can be classified by its most 
prominent features, usually with rotor blade parameters first in line. The same features 
can also be used for the recognition of the copter’s type. The helicopter echo consists 
of several components [1,2], typically with the fuselage echo as the strongest one. 
Weaker components come from the copter’s two rotors: the main and tail rotors. Each 
rotor echo consists of echoes from its blades and the rotor’s hub as well. The fuselage 
echo is not considered a distinctive element, since it cannot be easily differentiated 
from echoes of various objects, such as a car, building or a fixed-wing aircraft. In 
the case of blade echo, the useful property is the blade movement. It enables the 
employment of Doppler-based techniques first to recognize the blade and then to 
measure its parameters [1,3,4]. 

A significant number of works have been published on the subject of helicopter 
detection and classification with active radars — namely pulsed radars [5] or FMCW 
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radars [6,7]. A passive radar, however, as is the case with CW radars, differs from 
classical radars significantly in the transmit—receive geometry, as well as in the prop- 
erties of the illumination signal and the processing chain (long integration time being 
one of the most important processing characteristics). In the last 10 years, several 
theoretical studies of helicopter detection and classification with passive radar have 
been presented [8,9], some of them backed up with simulations [10,11], others with 
live signal experiments [12-17]. In addition, active radar experiments with bistatic 
geometry and noise-like modulation have also been conducted [7,18]. The results of 
these experiments are also valuable for the passive radar due to the similar properties 
of the illuminating signal. 


8.1.2 Methods for helicopter classification 


Typically, target classification with radar is based on a high resolution image of 
the target. Such an image may be one- or two-dimensional. The former — in the 
range dimension (i.e. a high-resolution range (HRR) profile) — requires appropriate 
wideband illumination, the latter entails combining HRR with special processing in 
the cross-range dimension. Following appropriate processing, the image obtained can 
be classified with many available techniques, ranging from simple size measurements 
to artificial intelligence methods. 
The cross-range processing choices primarily include the following: 


e Synthetic aperture radar (SAR) imaging with stationary targets: This requires the 
radar’s transmitter and/or receiver to be in motion. 

e Inverse synthetic aperture radar (ISAR) imaging with targets moving in the cross- 
range direction: This calls for the predictable movement of the target. 


Both these techniques have, however, poor applicability to a helicopter’s fuselage 
imaging since not only is it a moving target but also its movement is rather slow 
and difficult to predict. A natural way to obtain the cross-range dimension of the 
image of a helicopter-type target is the use of the ISAR technique based on the rotor 
movement [14]. 

It is a convenient approach, as the rotor movement is relatively fast and pre- 
dictable. Moreover, the simple processing of the rotor image can yield straightforward 
and distinctive parameters for helicopter classification and recognition, such as the 
number and/or length of the rotor’s blades, as well as the rotor’s angular velocity. 
Similar parameters can be derived from the image of the tail rotor (if it is present). 
Distinctive features of the helicopter’s rotor can also be extracted without creating 
an image of the rotor, because the unique physical rotor properties create a vis- 
ible signature in the time and Doppler domains. Such an approach for a pulsed 
radar was theoretically analysed in [3] and then experimentally validated in [19,20]. 
The practical implementation of a helicopter detector in a working radar device was 
described in [21]. A high-resolution FMCW radar signature ofa helicopter was studied 
in [6], and the classification using such a signature was undertaken in [22]. A bistatic 
continuous-wave radar with code modulation was used for similar experiments, as 
described in [7] and [18]. 
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8.1.3 Recognition of the propeller aircraft or other 
rotary-wing aircraft 


Rotor echo recognition, followed by the estimation of the basic rotor parameters, 
is also useful for differentiating between a helicopter, propeller aircraft and jet air- 
craft. Due to the relatively large size of the helicopter’s rotor with respect to the size 
of its fuselage, the presence of a strong rotating blade echo component indicates a 
helicopter echo, whereas any target with a weaker blade component is likely to be a 
propeller aircraft. Moreover, the rotation speed of any rotor or propeller is approx- 
imately inversely proportional to their respective sizes, which enables a rough size 
estimation, indicating the aircraft’s type. A jet aircraft’s engine may exhibit a signa- 
ture of its turbine’s rotor similar in nature to the one given by the helicopter’s rotor. 
In the literature, the effect of jet engine reflection is referred to as jet engine modu- 
lation (JEM). The JEM echo may be differentiated from the echo of the helicopter’s 
rotor by its higher harmonic content in the Doppler domain. Another type of aircraft 
which may exhibit a similar signature is a multirotor drone (multicopter). Two distinct 
properties of this aircraft class are the presence of several unsynchronized high-speed 
rotors and variations in the rotor speed controlled by the flight stabilization system. 
The latter comes from the fact that a typical multicopter employs fixed-pitch rotors 
and changes in the rotor speed affect the flight control and stabilization (the rotor tilt 
is also varied at times). It must be noted that a drone’s rotor is typically small with 
respect to a radar wavelength, so a flash from the blade analysed in Section 8.3.2 is 
not as prominent as it is in the case of a large helicopter’s blades. 


8.2 A geometric model of the helicopter 


In this section, a geometric model of a helicopter is considered. This model is applied 
to understand the structure of the echo signal reflected from a hovering helicopter. In 
the geometric modelling, for most air objects, it is assumed that with a sufficiently 
high accuracy, they can be represented by rigid bodies. All reflective points from any 
rigid body do not change their positions in relation to the determined centre of mass 
of the object and to the fixed orientation associated with this object. In this case, only 
the trajectories of the object are considered, taking into account both a displacement 
relative to the determined point representing the origin of the coordinate system 
and the change of orientation with respect to this system. Plainly, such assumption 
cannot be met in the case of the rotary-wing aircraft, whose rotating elements (at least 
one) change their orientations in relation to the aircraft’s fuselage. In the following 
subsections, the individual components of the geometric model under consideration 
are presented and described. A model of the considered helicopter type is shown in 
Figure 8.1. 


8.2.1 The echo of the helicopter s fuselage 


The main non-rotating elements in the model under consideration are the parts of the 
helicopter’s fuselage: the hull and the tail. In a simplified way, the copter’s fuselage 
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Figure 8.1 A simplified model of the helicopter 


can be modelled as a cuboid with a cylinder placed at its back wall, see Figure 8.1. 
Both the displacement and rotation of the helicopter’s hull with its tail can be easily 
represented by an equation based on the movement model. The helicopter typically 
either moves along a selected trajectory or remains in a hover. In both cases, the 
orientation of its hull in the space changes slightly. Depending on the kind of motion, 
the helicopter’s hull is oriented horizontally if it is in a hover or is tilted in the direction, 
in which it is moving at a given moment. The occurring inclination is associated with 
a different lifting force acting on the blade in various deflections. In this way, the 
helicopter’s pilot decides which direction the machine will move. 


8.2.2 The main rotor 


The main rotor generates an aerodynamic lifting force that supports the copter’s 
weight. Each rotorcraft’s blade, like the wing of an aircraft, generates a lifting force as 
a result of its rotational motion. The value of this lifting force depends on the blade’s 
construction, angle of attack and the angular velocity of the rotor. Most helicopters 
are characterized by the constant angular velocity of the rotor due to their design con- 
straints. This limitation is primarily caused by the adverse consequences of moving 
with the speed of propagation of mechanical waves in a given medium. Since the 
linear velocity of the individual blade fragments increases with the distance from the 
rotor centre, and none of its points can exceed the value of about 334 m/s, the angular 
velocity of the blade is limited to approximately ((334 m/s)/(Ly, + Lm)) rd/s. 

The power transmitted directly to the main rotor balances the total air resistance 
(drag) of each blade. This resistance depends on the angle of attack; the wider the 
angle, the greater the air resistance and lifting force generated by the blade in a given 
deflection. If all blades have the same angle of attack and assuming calm weather, 
the helicopter remains in a hover or moves vertically. Any imbalance of lifting forces 
within the main rotor causes the helicopter to tilt in a given direction and move towards 
the inclination (see Figure 8.2). 
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Figure 8.2 Helicopter in a hover (left) and moving forwards (right) 


The copter’s main rotor is responsible for generating the lifting force, setting the 
rotorcraft in a progressive speed and creating control moments. The central part of 
the main rotor is the rotor itself, and each blade is attached to it. The rotor is also 
responsible for the correct transfer of control; namely, it works as a setting device to 
correct the angles of attack of individual blades. The actual element responsible for 
changing the angle of the attack of the blades is a swashplate. It consists of one non- 
rotating disc, and another rotating together with the whole rotor. Both discs face each 
other in such a way that they always remain parallel to each other. The lower fixed 
shield is set by the copter’s pilot by means of appropriate gears. Another disc sets the 
angle of the attack of all blades by means of joints and connectors (see Figure 8.3). 

The main rotor’s hub reflection properties are usually derived from a simplified 
hub model, a cylinder with randomly distributed reflecting points in the entire volume 
of the cylinder, because it consists of a large number of different elements capable of 
reflecting the electromagnetic wave (see Figure 8.1). 

The motion of the rotor’s blade, and therefore its geometrical model, is much 
more complex than the rotor model. As mentioned previously, the blade carries out a 
circular motion around its own axis in order to periodically change the angle of attack 
and, as a result, creates a thrust vector in the direction in which the helicopter moves. 
The constant angle of attack of the blade occurs only when the helicopter stays still 
or moves vertically. 

The aerodynamics of a copter’s blades is much more complex than the aero- 
dynamics of an aircraft’s wing. This is due to the fact that different parts of the blade 
move at a different linear speed. If the blade had an identical aerofoil over its entire 
length, an uneven distribution of the lifting force would cause significant stresses. 
This effect is called the asymmetry of lift, and in modern designs, it is responsible for 
varying the blade’s aerodynamic profile along its length. In addition, it also affects 
the wing, which is not flat but slightly twisted so that its tip is characterized by a lower 
coefficient of lift. 

The blade is mounted to the rotor at a distance from the rotation centre of the 
entire rotor. Due to the significant air resistance, the blade is tilted in the opposite 
direction to its movement, changing the load-bearing force acting on the blade. The 
blade can be mounted to the rotor’s hub in one of the three possible configurations: 
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Figure 8.3 The photo of the rotor 5 hub of the small radio-controlled (RC) 
helicopter 


fully articulated, semi-rigid and rigid. These terms relate to the degree of the relative 
independence of the blades from the rotor’s hub. 

In a fully articulated rotor system, the blades have the highest degree of freedom 
relative to the centre of rotation. The freedom of adjustment allows for the turning 
of the blade around its axis. The freedom of ‘flapping’ allows the blade to move 
perpendicularly to the rotor’s disc. Lag/lead allows the blade to swing in the plane 
of the rotor’s disc over the rotation period. A model of the fully articulated system is 
presented in Figure 8.4. 

In a semi-rigid rotor system, the blades are fixed relative to the blade deflection 
assembly in the lead/lag plane. However, the semi-rigid system does not prevent 
‘flapping’. An example of a semi-rigid rotor system is presented in Figure 8.3. 

A rigid rotor system is the simplest configuration: the blades are fixed rigidly in 
relation to the centre of rotation. Displacement of the blade against the rotor hub is 
not possible. 

Bearing in mind the complexity of the main rotor design and the complex nature 
of the movement of each blade, the construction of a universal movement model 
seems to be impossible. Taking into account the wavelength used in the passive radar, 
the authors assumed that the helicopter’s blade can be modelled as a metal rod of the 
length Lm mounted on an arm with the length L; at a y(a@,,) angle, where a, denotes 
the blade orientation in relation to the tail. The œm angle takes the value 0 when the 
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Figure 8.4 A model of the fully articulated rotor system 


blade is parallel to the helicopter’s tail. Values from 0 to 180 degrees mean that the 
blade moves towards the front of the helicopter and from 180 to 360 degrees towards 
its tail. Deflection angle y depends on many factors, and its value does not exceed 
several degrees. In addition, the adopted model assumes that the rotor disc is oriented 
horizontally perpendicular to the gravitational force vector (see Figure 8.1). 


8.2.3 The tail rotor 


In the most popular Sikorski design, the tail rotor is one of the main components of 
the structure, responsible for both counteracting the torque of the copter’s main rotor 
and controlling the helicopter’s rotational movement around the rotation axis of the 
rotor. 

As with the rotor, the control is carried out by changing the angle of the attack 
of the tail rotor’s blades. The mechanism for controlling this angle is much simpler 
because the angle of the attack (pitch) of the blade is the same for all blades. 

In helicopters, the diameter of the tail rotor is usually several times smaller than 
that of the main rotor, and its stroke (and thus the thrust) is controlled separately to 
compensate for and control the rotational movement of the entire machine. A tail rotor 
shaft is positioned transversely to the main symmetry axis of the helicopter. The tail 
rotor model under consideration is made of N, metal rods of the length L,. Each blade 
is mounted at the point around which the rotation occurs. The geometry of the rear 
rotor is shown in Figure 8.1. 

It is worth noting that there are also several other ways to counteract the torque 
coming from the rotor, which do not require the use of the tail rotor. These are 
all types of double systems (Flettner, Piasecki and Kamov rotor systems) as well 
as NOTAR systems. The reflection of the double system follows the general idea 
presented in this chapter; however, it differs because of the presence of additional 
reflection components and the absence of tail rotor reflections. 
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8.2.4 The rotor parameters 


A database of helicopter rotor parameters may allow for the classification of a detected 
helicopter. Key parameters, which may enable the differentiation between models, are 


e the number of rotor blades 
e blade length 
e the rotation speed of the rotor. 


If a tail rotor is detectable for a given helicopter model, the tail rotor parameters 
should also be entered into the database. By estimating these parameters from radar 
observations, it is possible to recognize the type of helicopter. The estimation methods 
for these parameters, as well as imaging methods for the main rotor, will be presented 
further in this chapter. 


8.3 A model of the received echo signal 


In this section, based on the helicopter geometry model, a model of the helicopter echo 
is derived from data obtained by the radar in a bistatic configuration. It is assumed 
that the helicopter under consideration has two rotors: the main and tail rotors. The 
second assumption of this model-building construction is that the copter remains in 
a hover, and the only movable elements are both its rotors. 


8.3.1 A generic model of the echo signal 


It is assumed that both the transmitters emitting an electromagnetic wave which illu- 
minates the observed object and the receiver recording the signals are in the far field. 
In such a case, the illuminating signal can be treated as a plane wave. Next, it is also 
assumed that the object under consideration is made of metal elements that perfectly 
reflect the electromagnetic radiation. Consequently, the electromagnetic wave does 
not penetrate the surface of the individual elements of the model. 

The signal illuminating the object is treated as a narrowband signal, as its band- 
width is 10% of the carrier frequency value at most. In the first approximation, the 
assumption is that the distance resolution cell resulting from the signal bandwidth is 
greater than the size of the object under consideration, so the object echo is contained 
in one range cell. This assumption is correct for most signals widely used in passive 
radar. The expression given in the following: 


Cc 


defines the range resolution’s relation to bandwidth. As an example, the resolution of 
a passive radar using terrestrial digital TV (DVB-T) signals is 18 m in the monostatic 
case (£ = 0). 

Another assumption is that the polarization of the transmitted signal is excluded 
in the reflection model, so the model itself is compliant with the Huygens—Fresnel 
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principle. This simplification does not significantly affect the signal model under con- 
sideration, especially since the horizontal polarization coincides with the orientation 
of the main rotor’s blades for the DVB-T signals used. 


8.3.2 A model of the main rotor blade echo 


Figure 8.5 presents a model of the main rotor’s blade. Let the helicopter’s main axis 
coincide with the 0x axis of the coordinate system. Two angles, 87, and rx, denote the 
angles formed by the 0 axis with two lines that connect, respectively, the transmitter 
and receiver with point 0 located in the centre of the main rotor. The 0x axis determines 
the positive direction of the coordinate system. 

Let / denote the distance of the given blade’s fragment dl from the blade’s begin- 
ning. The bistatic range of the d/ element of the rotor’s blade is expressed by the 
following equation: 


rl, dm) = [Rr — Rall, Am)|| + [Rex — Rall, mI (8.2) 


where Rr = fry - [cos(Br,) sin (fry) oy and Rrxn = FRx’ [cos(Brrn) sin (Barn) oy 
are the transmitter and receiver positions, respectively. The position Ra(l, t) of the 
given dl element is expressed by the following expression: 


Rall, Am) = M(Qm) : [/ cos(y (Am) F Lal sin(y(@m)) oy" (8.3) 


where M(q,,) denotes a rotation matrix around the z-axis, and L; is the length of blade 
grip. By substituting the previous expressions, (8.2) can be rewritten as 


r(l a ) — (rr cos(Br,) — (l cos(y (Am) + Om) + Ln COS(Qm)))* 
aoa’ + (rx sin (brr) = (l Sin (y (Qn) F Qn) F Li sin(@»))) 


(8.4) 


y [rr COSR) = (1 608(7 (On) + Om) + Ln COS(Qm)))? 
+ (rR sin (rx) aa (l sin (y (Qn) F Am) + Lh sin(@»))) 


Figure 8.5 Main rotor blade geometry 
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Assuming rr, D> Lm + Ly and ran >> Lm + Ln where L, is the length of the main 
rotor’s blade, using the Taylor series of y~ 1 + x about x = 0 and simple trigonometric 
identities, (8.4) is given by 


r(1,Qm) = Pre + FRxn — cos( PR Pe) 


. [ cos( yten) +m — ae) 


+ Ly cos(a — Pa Pe) (8.5) 


Equation (8.5) is similar to the equations presented in [12—14]. In many publications, 
this is simplified to the case with no blade grip and a fully rigid blade mount, which 
corresponds to no lead/lag phenomena. 

Equation (8.5) describes the bistatic range of any point of the blade (modelled as 
a metal rod). The signal registered by the receiver is the sum of all signals reflected 
from all points of the given blade, the whole rotor or, in general, the entire helicopter. 

When constructing an echo signal model for a single rotor’s blade, it can be 
assumed that: 


Lin 


se = e% f PDst — 10, Dal (8.6) 
0 
where p(/) denotes the reflectivity of the given blade part, s(t) denotes the signal 
emitted by the transmitter and t(/, £) = (r(/, &»(t))/c) denotes a delay resulting from 
the finite speed of light corresponding to the bistatic range of the given blade’s point. 
The factor e/* that appears before the integral sign denotes a random phase of the 
signal at the beginning of its registration. 

It is worth noting that the model of the echo signal given by (8.6) does not 
depend on the envelope of the probing (sounding) signal. In order to obtain synthetic 
information, the echo signal is compressed. Typical sounding waveforms and methods 
of their compression are described in Section 8.1.1. 

A pulse compression provides synthetic information about the echo structure 
of the observed scene. Since all objects can be assumed to be stationary during 
compression, the ‘stop and go’ approach can be used. Then, a single range profile of 
the main rotor’s blade at time T can be represented as 


Lm 
r(T, t) = e” J PDE — t(1, T) ete dl (8.7) 
0 
Its spectrum after substituting the expression (8.5) can be presented by 


R(T, w) = e”. oe M(@c+@)/0) Ix +TRx,n) : el@cto)/c)-Ln-Bm(T) 
Lin 
3 [ow » e+ Nl AnD] (8.8) 


0 
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where 
A,(T) = cos( vinr) + a(T) Bre n) cos( £2 He) 
(8.9) 
B,(T) = £05( d(T) Pa Pe cos ( Pe Ae) 


Next, after calculating the integral in (8.9), compensating for the coefficient 
electo) r+) and assuming the same reflections for the whole rod, it takes the 
following form: 


R(T, œ) = p- eh. KOHANI BaT) | g y- ei Wete)/e}Em/2)Am(T) 


Cc Lin 
sine( 2 RE Ea AD) (8.10) 
Cc 


Subsequently, when considering the model of the signal reflecting from the main 
rotor’s blade, cyclic changes in the amplitude of the recorded signal can be noticed. The 
sinc() function takes the maximum value for the argument of 0. Because the argument 
of this function according to the expression A,,(7) changes its value periodically, the 
maxima of function R(T, œ) also occur in cycles. To determine these moments, in 
which the expression (8.10) takes the maximum values, the expression describing the 
function argument sinc() should be equal to 0: 


c 2 
cos aut ) + an(T) — sin fos) = 0v 
cos( PH Pe =) =0 es (8.11) 
V(On(T)) + p(T) — == _ ; E 
Brx — Bre oT 
Ta o +kr,kez 


Based on (8.11) and the assumptions made, it can be concluded that the func- 
tion (8.10) takes a maximum value, when the main rotor’s blade is perpendicular 
to the bisector of the bistatic angle between the transmitter-helicopter and receiver- 
helicopter planes, or when such a bistatic angle is 180 degrees. The latter corresponds 
to forward scattering phenomena and will not be discussed in this chapter. 

The cyclic amplitude variation of the signal received results in a phenomenon 
called ‘blade flashes’. As can be noticed, the bistatic angle strongly influences the 
amplitude of the received signal during the slow time — T. The small bistatic angle 
denotes short and strong flashes, while the wider bistatic angle corresponds to the 
wider but weaker peaks of the signal amplitude. 

Figure 8.6(a) shows the amplitude of (8.10) function determined for simulated 
signals. The simulation geometry was quasi-monostatic. Both Sry and Br, were set 
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Figure 8.6 Simulation results for Mi-2 helicopter model: (a) function /R(T, w)/ for 
the simulated signal, (b) function |r(T, t)| for the simulated signal and 
(c) a single range slice of the function |r(T, t)| for the real signal 


to 0. The frequency and bandwidth of the simulated signals were 610 and 7.6 MHz, 
respectively. The simulations only include moving parts of the observed objects, such 
as the hubs and blades of both the main and tail rotors. Although from the point of view 
of the observer the movement of both rotors takes place on various planes (horizontal 
for the main rotor and vertical for the tail one), only changes in the distance between 
the blade and the radar are noticeable. In the simulations performed, a geometric 
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Figure 8.7 A single range slice of the function |r(T, t)| for the real signal for 
W3-Sokot helicopter model 


reflection model was adopted. Each element of the simulated rotor model consisted 
of all-round reflecting points. The density of the points was chosen so that at least ten 
points were at the wavelength. The signal-to-noise ratio was set at —20 dB. 

The Mi-2 helicopter rotor model was used for the simulation. The length of the 
rotor’s blade was 7.8 m and its rotational speed was about 246 rpm. In turn, the length 
of the tail rotor’s blade was 1.3 m, and its rotational speed was equal to 1,445 rpm 
which was about six times higher than the main rotor. The main rotor of the simulated 
object consists of three blades, and the tail’s rotor of two. 

Figure 8.6(b) presents the signal after range compression, evaluated by applying 
a Fourier transform over the coordinate w, which is shown in Figure 8.6(a). After 
demodulation, the target echo is placed at a distance equal to 0. At this stage, the 
main rotor flashes are clearly visible, because the energy of the echo is focused in 
several range cells. Other features of the signal structure, such as the tail’s rotor flashes 
or the fuselage echo, are recognizable as well. 

Figure 8.6(c) shows a single slice of the plot presented in Figure 8.6(b) for a single 
range cell, in which the simulated object is located. Additionally, two more signals 
are presented in this figure. One is received after removing negative frequencies from 
the echo signal, and the other after removing the relative positive components. They 
correspond to the movement of the blades, respectively, towards the radar and in the 
opposite direction. 

Based on the analysis of the results presented in Figure 8.6(c), it can be stated 
that every second blade flash consists of positive or negative frequencies; hence, the 
observed/simulated model of the helicopter has an odd number of main rotor blades. 

Figure 8.7 shows the result of simulating a different type of helicopter. In this 
case, the W3-Sokot model of helicopter was used. The length of the rotor blade was 
7.85 m, and its rotational speed was about 254 rpm. In turn, the length of the tail rotor 
blade was 1.65 m, and its rotational speed was equal to 1,342 rpm. The main rotor of 
the simulated object consists of four blades, and the tail rotor of three. 

Similarly, based only on the analysis of the presented results, it can be easily stated 
that the observed/simulated model of the helicopter has an even number of main rotor 
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Figure 8.8 Tail rotor blade geometry 


blades. Every rotor blade flash consists of both positive and negative frequencies. 
Approaching and receding blades flash mostly at the same moment. 


8.3.3 A tail rotor blade echo model 


A model of the echo signal of the tail rotor’s blade can be created in a similar manner. 
However, in this case, the rotor rotates in a different plane than in the case described 
earlier. To determine the orientation, let us assume that the blade rotates in the Oxy 
plane. Let the zero deflection of the blade mean that its direction and return are 
consistent with the direction of the positive Oz axis (Figure 8.8). In addition, let us 
assume that (8.2) is also valid for the tail’s rotor. 

The position R,/(/,a,) of any given dl element is expressed by the following 
expression: 


Ra(l,æ) = M(a,)- [Z 0 0}' + [r; 0 OF" (8.12) 


where r; and M (œ+) denote a displacement of the tail’s rotor related to the centre of 
the main rotor and a rotation matrix around the y-axis, respectively. By substituting 
the previous expressions, (8.2) for the tail’s rotor can be rewritten as 


i B Frs + cos(Brx) — 1+ cos(œ;) — r? 
ME ites aan en e 


n FRx * COS(Brx) — 1 - cos(a;) — r? 
+ (rp + Sin(Bry))” + (l - sin(a)) 


(8.13) 
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Similarly, assuming rp, >> L; + r; and r(Rx,n) >> L; + r, where L; is the length 
of the tail rotor’s blade, (8.13) is given by 


r(l, di) = rr +TRxn — 2° cos( £” 5 £) cos( £2 x Pes 


- (r; + l- cos(a;)) (8.14) 


Likewise, for the main rotor, the model of the resulting signal can be expressed as 


R(T, @) = p: elf. Ty: el(@cto)/c)-rr-Bi(T) 
efector sine 2 Ter K A 0) (8.15) 
(6 


where A,(t) = cos((Brs — Brx)/2) cos((Brs + Brr)/2)-L,-cos(a,) and B(T) = 
cos((Brs — Brr)/2) cos((Br + Bry)/2). Equation (8.15) slightly differs from (8.10). 
A chief dissimilarity is that typical flashes for rotating blades cannot be observed either 
for a forward scattering configuration corresponding to cos((B7, — Br,)/2) = 0 or in 
the instances, when cos((67, + Bey)/2) = 0. This happens when the bisector of the 
bistatic angle is perpendicular to the plane of the tail’s rotor or, in other words, when a 
bistatic equivalent monostatic radar observes the helicopter from one side. For other 
cases, the amplitude of the signal reflected from the rotating tail rotor’s blade varies 
in time according to the cos(@;) component. 

In addition, the tail rotor’s echo can also be missing, because the tail’s rotor is 
often shaded by the helicopter’s fuselage. 

Figure 8.9(a) and (b) presents the echo of the tail’s rotor, when the echo of the 
main rotor is removed by subtracting the main rotor signal modelled by the equation 
from the total echo signal. Similarly, the echo signal of the tail’s rotor, after extracting 
and filtering, is also presented in the same figure. It can be noticed that the flashes 
of the tail rotor’s blades are much more frequent than the ones of the main rotor. 
This is because the tail rotor’s blade is much shorter. In addition, for both helicopter 
models applied in the simulation, the real linear velocities of the blade tips of both 
rotors are almost the same being about 200 m/s. Regardless of this feature, applying 
the same method as in the case of the main rotor is an easy way to verify whether 
the tail’s rotor has an even or an odd number of blades. Thus, based on the analysis 
of Figures 8.9(a) and (b), it can be stated that there is an even (more precisely 2) and 
odd (more precisely 3) number of blades, respectively. 


8.4 Method for determining rotor parameters 


In the process of helicopter classification, the estimation of the main rotor parameters 
(and if possible, also the parameters of the tail’s rotor) plays a decisive role. Key 
parameters in this respect are the angular velocity of the main rotor, the length of 
the blade and the number of rotary wings. Table 8.1 presents a summary of these 
parameters for several popular types of helicopters. It is worth noting that not all 
models are characterized by a constant rotor speed. 
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Figure 8.9 A single range slice of the function |r(T, t)| for the simulated signals of 


tail rotor echo: (a) simulation results for Mi-2 helicopter model and 
(b) simulation results for M3-Sokot helicopter model 


Table 8.1 Rotor parameters of typical helicopters 


Helicopter No.of Rotation Main Linear Flash Flash 
type blades rate rotor velocity interval duration 
[r/min] blade of the tip [ms] at S-band 
length of blade [ms] 
[m] [m/s] 
Bell 206 B 2 374-394 5.08 199-210 78 0.24 
(JetRanger) 
Bell 209 (Cobra) 2 294-324 6.70 206-227 97 0.23 
Robinson R22 2 491 3.85 198 61 0.25 
MI-2 3 246 7.80 207 40 0.53 
PZL W-3 (Sokół) 4 254 15.65 214 59 0.23 
Eurocopter EC-120 3 406 5.00 213 25 0.47 
Sikorsky $434 4 471 4.19 206 32 0.24 
Schweizer 
Bell 430 4 348 6.40 233 43 0.21 
Bell 412EP 4 314 7.01 230 48 0.22 
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The basic mechanism for determining the rotor parameters is to analyse the echo 
signal reflected by this rotor in both time and frequency domains. Based on the 
analysis of (8.10) and (8.15), it is possible to associate characteristic flashes denoting 
an increase in the amplitude of the echo signal with the orientation of the given blade 
relative to the transmitter and the receiver. 

To obtain information on the frequency spectrum of the echoes of the single 
rotor’s blade, the Fourier transform in a dimension corresponding to the slow time 
should be applied: 


Slon, w) = Frsup(R(T,@)) (8.16) 


8.4.1 Main rotor parameters 


The determination of the exact analytic function representing the spectrum of the 
blade echo signal might be difficult due to an entangled function of time, thus some 
simplifications should be introduced. 

A significant part of the power of the blade echo is recorded during a very 
short flash. This flash occurs when the cosine of the angle between the rotary blade 
a»(T) + Y (&m(T)) and the bisector of the bistatic angle ((Brx + Brx)/2) is equal to 0. 
Assuming a constant and slight delay of the blade y(a@,,(7)) = y andalso that æ„(T) = 
ay + QT, where Q,, denotes the angular velocity of the main rotor, at the moment of 
the flash the parameters A,,(T) and B,,(7) in (8.10) can be presented in the following 
form: 


An(T) © (v +2,T7- Pr Pos + =) cos (PEt ; 2x) 


B,(T) © (207 fnt fr 4 z) cos( P= Pee) 


(8.17) 


After substituting these values to (8.10) and determining the spectra of the echo signal 
of the single blade flash, the amplitude of this spectrum can be expressed as 
ky — Wp ; 
S : Jko Lp -i(k /k2)(kı—-wp) 8.18 
PORE =): ou 


where k,s denotes corresponding coefficients: 
Wc +a Ln T Bre + Bre Ln Br = Brx 
ko = “WEL . i — "|, 
o = got pi (z+ =) G 5 +$ y | cos 5 


C Ln X 
pae, La + — |- cos Bre — Bre e Qm, 
c 2 O2 


Č Lm A 
| et ae - COS Prs — Bre - Qn and 
c 2 2 


Oc +w Ln Bry = Brx Bry É Bre T 
k i; : ; 8.19 
c 2 cos( 2 ) (v yE =) ene 
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Based on the analysis of (8.19), the width of the Doppler spectrum occupied by the 
single blade during the flash can be determined. The width is related to the length of 
the blade, the angular velocity of the main rotor, the distance of the blade from the 
rotor’s centre and the bistatic angle between the transmitter, the observed object and 
the receiver: 


E a E cos( P=) Qn (8.20) 
In the case of echo signal analysis, a simplified model can be adopted with the blade’s 
length measured from the beginning of the rotation axis to its end. However, the width 
of the measured spectrum allows only for the maximum linear speed of the blade’s tip 
to be determined. This particular value depends on the product of the blade’s length 
and the angular velocity of the rotating blade. In conclusion, there is no direct method 
of estimating blade parameters based on the single flash echo analysis. 

Figure 8.10(a)—(c) presents the spectrum of the helicopter echo for several bistatic 
angles. It can be noticed that the wider the transmitter—-target—receiver angle, the 
narrower the spectrum of the echo received. This phenomenon has to be taken into 
account when the parameters of the main rotor’s blade are evaluated. 

The blade, when modelled as a rod, has an echo that generates two flashes over a 
full blade’s rotation. One flash occurs when the blade rotates away from the observer, 
the other occurs when it reappears and rotates towards the observer. As the analysis of 
(8.18) shows, each of the flashes has a different spectrum. Depending on the direction 
of blade movement, its echo is characterized by smaller or larger Doppler frequencies 
than the fuselage’s Doppler frequency, corresponding to the bistatic speed of the entire 
helicopter. 

By measuring the time between individual flashes, it is simple to estimate the 
product of the blade’s angular velocity and the number of blades: Qm - Nm. Each 
helicopter’s rotor has at least two blades mounted symmetrically on opposite sides. In 
general, the number of blades of the copter’s rotor varies from two to eight, and each 
blade generates flashes separately. Interestingly, the even number of blades decreases 
the number of independent flashes in time because of the overlapping of flashes 
emanating from the opposite blades. This effect is easy to notice by analysing the 
spectrum of each flash, when the spectrum extension goes on in both directions. 

Although determining whether the number of blades of the given rotor is even or 
odd is relatively easy (by analysing the spectrum of individual impulses), estimating 
the exact number of blades is not so simple. 

For this purpose, the multistatic nature of passive radar can be explored as each 
receiver observes the object from a different angle. Therefore, for each radar, a flash 
occurs for a different deflection of the rotor’s blade a,,(T). 

As was stated in the previous sections, due to the Doppler effect, it is possible to 
separate the individual flashes of each blade by applying the accurate filter. In each 
separate data set, there are N flashes observed for each rotation of the main rotor. The 
time between flashes is expressed by the following equation: 


20 
|AT| = a & Q,N = — (8.21) 
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Figure 8.10 Spectrum of the Mi-2 helicopter model echo for several bistatic angles 
between transmitter target and receiver: (a) Br, — Brx = 0, 


(b) Brx — Br: = 1/6 and (c) Bre — Bre = 1/3 


Equation (8.21) combines two unknowns: Q,, and N; hence, measuring the time 
between two consecutive flashes only allows for the estimation of the product of 
these values. Let us assume that each radar cooperating in the multistatic scenario 
observes the helicopter at a different angle, as appointed by a bisector of the bistatic 
angle. Thus, each receiver registers the blade flash at a different time according 
to the angular movement of the main rotor. By comparing the flashes’ timestamps 
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with the observation angles, the angular velocity of the main rotor Q,, can be 
estimated as 


Brx — Brx,2 
2 


On(T1) — On(T2) = Qy(T1 — Tr) = (8.22) 

Considering (8.22), two scenarios require particular attention. The first is the 
simpler of the two: when the angle denoted by ((Bax1 — Brr2)/2) is smaller than 
the minimum possible angle between two blades. In this case, the flashes coming 
from the same blade can be identified for each receiver. Thus, the angular velocity 
and the number of the main rotor’s blades can be estimated using (8.21) and (8.22), 
respectively. The second scenario, requiring a more complex solution, is when the 
difference in the observing angle by each radar is wide. Because two consecutive 
flashes registered by two receivers cannot be associated with the same rotor’s blade, 
a deeper analysis has to be carried out. 

Let êT denote the minimal time between two consecutive flashes registered in the 
multistatic system, regardless of whether they are registered by a single or multiple 
receivers. Due to the periodic nature of flashes, and the number of the main rotor’s 
blades being unknown, ôT might be expressed as 


mod(Brx,1 =, Brx2s (2x /N)) 
2Quy 


ôT = (8.23) 
where mod(x, y) denotes the modulo operation. The minimal time between two flashes 
depends on the angle of observation, the number of rotor blades and the angular 


velocity. Comparing (8.21) and (8.23) leads to the expression for the number of 
blades: 


4r 5T 


N= 
AT - mod(Brx — Brx2,(27/N)) 


(8.24) 


Equation (8.24) does not, however, render the precise number of the rotor’s blades. 
Still, given that the possible number of blades falls between two and eight inclusive, 
the previous equation can be easily solved by the trial-and-error technique. 

In the rare case, when the difference of observing angles is close to an integer 
multiple of the value 27/N, the estimation of the number of the blades might be 
hindered or impossible. As an effective way of tackling this risk, another transmitter— 
receiver pair should be used, if available. Otherwise, the angles will change when the 
helicopter moves. Also, the higher the number of independent measurements from 
various radars, the more accurate the estimation of the number of the rotor’s blades. 

Figure 8.11 presents two consecutive flashes of the main rotor’s blade from three 
separate receivers. The aspect angle of each receiver differs, resulting in the different 
arrival time of the blade flash. The bistatic angles between the transmitter, target and 
each receiver are 0, 30 and 60 degrees, respectively. 

By knowing the number of blades and the time between consecutive flashes, the 
angular velocity of the main rotor can be estimated, which allows one to determine 
the length of the blade based on the Doppler widening of the rotor echo. 
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Figure 8.11 Two consecutive flashes of the main rotor for three separate receivers 
observing the helicopter at different aspect angles 


8.4.2 Tail rotor parameters 


The estimation of tail rotor parameters is much more difficult than it is in the case 
of the main rotor. First of all, the tail’s rotor may be invisible to the observer, 
and the reasons for this invisibility can vary. For example, the tail’s rotor can 
be either covered by the fuselage or integrally housed within the tail. How- 
ever, since the tail rotor echo is observed quite often, some parameters can be 
estimated. 

The main problem in the evaluation of the tail rotor parameters relates to the 
fact that the echo of the tail rotor’s blades is characterized by a relatively weak 
power. Consequently, the echo signals may remain invisible in relation to other 
echo components of the helicopter and, thus, be difficult to estimate by automatic 
methods. To address this situation, first, the echo components covering the tail 
rotor’s echo have to be removed from the signal received. For this purpose, the 
CLEAN method, commonly used to detect weak signals against strong ones, might be 
adopted. 

Then, having all the parameters of the main rotor echo, the echo signal model 
can be built and subtracted from the helicopter echo. Next, the same can be done with 
the fuselage echo. As a result, the measured signal should contain only the tail rotor’s 
echo and the noise. 

However, it is impossible to reconstruct all the geometrical parameters of the 
tail’s rotor based solely on the analysis of the echo signal of the flashes. Usually, it is 
because all receivers are located roughly at the same level, and even in the multistatic 
scenario, most receivers observe the flashes at the same moment. Thus, although it is 
not feasible to estimate the angular velocity of the tail’s rotor, the number of flashes 
per second can be measured. As a result, a ratio of the number of the tail rotor’s 
flashes to the main rotor ones might yield a parameter useful for a more accurate 
identification of the helicopter. 
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8.5 Main rotor imaging algorithm based on the target 
echo spectrogram 


By analysing the echo signal of the helicopter under observation, basic parameters 
of the main rotor, such as the number of blades, their length and the angular velocity 
of the rotor, can be estimated. Also, after extracting the echo signal of the tail’s 
rotor, some signal properties of this echo, for example the frequency of flashes or the 
maximum speed of the tip of the rotor’s blade, can also be estimated. 

This section presents an imaging method of the helicopter’s main rotor, which is 
done by applying the spectral analysis of the signal recorded by the receiver. Such an 
image can provide additional information, even though it is essentially based on the 
estimation of the main rotor parameters. 

In general, radar imaging of the copter’s main rotor provides synthetic information 
about this rotor. Key parameters, including the number of blades and their length, also 
contain information on the distribution of the blade reflectivity along its main axis. 
The latter is of particular importance, given that the blade profiles are individually 
designed for each copter. Such synthetic information in an image format can be 
used for a more accurate classification based on a comparison of data patterns from 
historical measurements. 

Let us consider a short interval of a recorded signal with the single blade flash 
registered. Then, by applying a two-dimensional transform, any signal derived from 
the model given by (8.15) can be transformed into a range—Doppler (RD) map. This 
map is generally used for target detection and tracking, and it might be treated as an 
unscaled ISAR image. To scale this image properly, knowledge of angular velocity 
(or even the motion model, in general) is required. As shown in the previous sections, 
this constitutes a sufficient base for combining and rescaling the consecutive images 
and, hence, provides an easy way to the relevant parameter estimation. 

After the translational motion compensation, the main rotor echo is mainly 
focused in a single range bin. Only the echo of the blade’s tip might change the 
range bin over time, if the range resolution is high enough: 


c 
ee 
ae (8.25) 


Assuming a single range bin, the echo signal of the single rotor’s blade can be 
presented as 


R(T) = p- elf. L,- el@e/errb(T) 


, gj CADAT) sine( 2 . 2 al r) (8.26) 
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Equation (8.26) shows how the amplitude of the echo signal changes. For a higher 
number of blades, local maxima are more frequent. 
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A more detailed analysis of the helicopter echo can be done by determining the 
short-time Fourier transform with the following expression: 
XRT, @) = J R(T) - W(T — te? dT (8.27) 


where W (T) denotes the window function. 

Two window parameters, namely width and shape, constitute key STFT parame- 
ters. Usually, a Gaussian window is adopted, with its width several times wider than 
a magnitude of the step used for determining the function given by the expression 
(8.27). 

Figure 8.12(a) and (b) presents spectrograms evaluated for the signals shown in 
Figures 8.6(c) and 8.7, respectively. A brief analysis of these results indicates clearly 
the helicopter with an even or odd number of blades of the main rotor. 

Each blade produces two flashes per cycle, so one of them can be removed. 
Choosing either the positive or negative Doppler frequencies related to the Doppler 
frequency of the helicopter centre allows the data to be presented in polar coordinates. 
This results in a spectrogram-based ISAR image, which enables the integration of the 
input data incoherently over several cycles. Thus, the signal-to-noise ratio of the image 
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Figure 8.12 Spectrogram of the simulated helicopter echo signal: (a) Mi-2 
helicopter model and (b) W3-Sokot helicopter model 
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obtained increases in relation to a comparable ratio of the regular spectrogram. The 
spectrogram-based ISAR image can be perceived as a combination of several RD 
images obtained for short-time intervals. In short, to produce such a combination, 
each RD image should be rotated according to the angular motion of the main rotor 
and then accumulated with other images alike. Figure 8.13(a) and (b) presents the 
final ISAR images obtained for the simulated signals. 
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Figure 8.13 Spectrogram-based ISAR images of the main rotors of simulated 
helicopter models: (a) Mi-2 helicopter model and (b) W3-Sokot 
helicopter model 
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8.6 Live signal processing experiment 


8.6.1 Measurement campaign 


In order to illustrate the previous considerations, real data were processed. All signals 
were recorded on the coast of Livorno (Italy) during a measurement campaign orga- 
nized in 2014 within the framework of the NATO-SET 196 Group. The measuring 
system applied to record the signals consisted of five physical channels, each built 
in the form of a Yagi-Uda antenna mounted on a low mast with a wideband UVHF 
amplifier, a recorder and the necessary cables. Two National Instruments PXIe-5663 
receivers synchronized via a Global Positioning System signal constituted the signal 
recording system. 

The measurement scenario is shown in Figure 8.14. Three physical channels were 
installed in the receiver placed on a rooftop of the building. One channel was dedicated 
to picking up the reference signal, while two others connected to the antenna were 
directed towards the object’s location. Another receiver, placed near the seafront, 
was connected to two antennas receiving the object’s echoes. The DVB-T transmitter 
was located at a distance of 30km from the observation spot. A non-cooperating 
target — the helicopter under observation — was about 1 km away from the receiver. 
The measurement scenario was quasi-monostatic; therefore, its actual parameters are 
unknown. However, its type can be ascertained based on the results obtained. 


8.6.2 Data pre-processing 


The recorded data were processed offline in the MATLAB environment. The recording 
was done with a sampling rate equals to 48 MS/s. To avoid inter-frequency channel 
interferences, the first step of the calculations was to isolate each DVBT channel 
for separate processing. Also, prior to the micro-Doppler analysis, to prevent the 
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Figure 8.14 Measurement scenario 
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Figure 8.15 Cross ambiguity function evaluated for measured signals: 
(a) Rx; and (b) Rx4 
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influence of the direct signal and ground returns, the direct signal and stationary 
clutter echoes were removed using lattice filtering, as described in [23]. The car- 
rier frequency and the bandwidth of the signal used for the calculations were 610 
and 7.6 MHz, respectively. In order to find out the exact parameters of the object to 
be observed, first it was necessary to determine its position. For this purpose, the 
cross-ambiguity functions of the surveillance and reference signals were evaluated. 
Figure 8.15(a) and (b) presents sections of these functions (with a magnitude of 
R(T, w)) designated for two receivers. The object was localized based on the measured 
bistatic range of the observed object, evaluated for each pair of the receiver— 
transmitter. The exact target position was marked in Figure 8.14 by the helicopter 
pictogram. All these steps constitute a viable way to determine the aspect angles of 
each receiver. 


8.6.3 Results 


All figures shown in this subsection were obtained by reprocessing data and results 
already presented in [14]. 

Figure 8.16 presents a single slice of the received signal for the range equals to 0 
after it was filtered to extract the echoes of approaching and receding blades. It is worth 
noting that in the presented case, both echoes — one with a positive Doppler frequency 
and the other with a negative Doppler frequency originating from the receding and 
approaching blades, respectively — generate the blade flashes almost at the same 
moment. This means that the observed helicopter has an even number of main rotor 
blades. It is also interesting that the amplitude of the ‘approaching’ blade is stronger, 
which is related to its shape. The leading edge (an oval) of the aerofoil has a much 
larger effective radar cross-section than the trailing (sharpened) edge has. In addition, 
the tail’s rotor echo is clearly visible. 

Figure 8.17 presents the echo of the tail’s rotor when the echo of the main rotor 
is removed by filtrating. The received signal contains the blade echo clearly visible 
only for the positive Doppler frequencies. Such a phenomenon may occur for many 
reasons. For instance, the tail’s rotor might be partially covered by other parts of the 
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Figure 8.16 A single range slice of the function |r(T, t)| for the real signal 
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Figure 8.17 A single range slice of the function |r(T, t)| for the real signal of tail 
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Figure 8.18 Two consecutive flashes of the main rotor for four separate receivers 
observing the helicopter in motion 


helicopter, or the radar cross-section of the trailing edge of the tail rotor’s blade is too 
small to detect the signal flashes generated by this edge. 

Figure 8.18 presents two consecutive flashes of the main rotor’s blade from four 
separate receivers. The aspect angle of each receiver differs resulting in a different 
arrival time of the blade flash. The relevant measurement scenario is presented in 
Figure 8.14. The aspect angle of each receiver is denoted by a coloured arc. 

Figure 8.19 shows a spectrogram evaluated for the signal presented in Figure 8.16. 
Here, it is again clearly visible that the flashes from two separate blades occur at the 
same moment. This leads to the conclusion that the number of the main rotor’s blades 
is even. 

Before determining the Xp(t, œ) values, the data were not filtered. Thus, the echo 
of the tail’s rotor is also visible in this figure. The spectrogram presented clearly shows 
that the observed helicopter has a bistatic velocity lower than zero, which should be 
interpreted as it moves towards smaller biostatic distances. In the presented case, the 
helicopter moved towards the passive radar receiver (see Figure 8.14). Figure 8.20 
presents the spectrogram-based ISAR image generated from the data recorded by four 
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Figure 8.19 Spectrogram of the signal presented in Figure 8.16 
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Figure 8.20 Spectrogram-based ISAR image of the main rotor evaluated for the 
same moment for each receiver: (a) Rx;, (b) Rx2, (c) Rx; and (d) Rx4 
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separate passive radars at the very same moment. The rotation angle for each image 
is different because their observation angles vary. 


8.7 Conclusions and result discussion 


This chapter presents modern techniques of helicopter detection and classification 
employing the characteristic features of the rotor’s blade echo. The echo properties, 
derived analytically, form a basis for the design of signal processing algorithms. 
The proposed solution is based on the time-frequency analysis of the echo signal 
received with a multistatic passive radar system. During the radar observation, a 
helicopter object cannot be treated as a rigid body, with a response focused both in 
time and in frequency. Elements, such as the main rotor and tail rotor, remain in 
constant motion relative to the fuselage. Due to the complex aerodynamics of the 
helicopter, in general, this movement cannot be described easily. However, using a 
few additional assumptions, it is possible to show the motion of the blade of both 
the main and tail rotors by a function dependent on several parameters, such as the 
number of rotor blades, the length of a single blade and the angular velocity of the 
rotor. These parameters allow the size and class of the observed helicopter to be 
determined, which is sufficient in a significant number of cases. 

In order to illustrate the issues discussed, simulations of two different helicopters 
with different parameters of both rotors were performed. On the basis of the presented 
results, it was shown how to estimate each main rotor parameter and how to use the 
multistatic nature of passive radar to resolve the ambiguity in determining the number 
of main rotor blades. It was also shown that the constructed, simplified model of the 
main rotor echo can be used to remove the echo of this rotor from the signal recorded 
by the radar. This procedure makes it possible to analyse the tail rotor echo signal if 
it is visible to the radar. 

In this chapter, the method of obtaining ISAR images of the main rotor is also pre- 
sented. A database built upon this information can be used for accurate determination 
of the model or type of the observed helicopter. 

The proposed method was also confirmed by the analysis of the real echoes 
of a helicopter recorded during a measurement campaign carried out as part of the 
NATO SET-196 group activity. The presented results correspond to the analyses car- 
ried out for simulated signals, which confirm both the correctness of the performed 
simulations and the presented method of estimation of helicopter rotor parameters. 
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Chapter 9 
Multistatic 3D ISAR imaging of maritime targets 


Federica Salvetti’, Elisa Giusti, Daniele Staglianò? 
and Marco Martorella!? 


The increase of legal (commercial and passenger traffic) and illegal maritime traffic 
demands for strengthened maritime surveillance and security both offshore and within 
the harbours. It is progressively becoming more important to monitor the vessel 
movements in order to avoid collisions and prevent possible environmental damages 
other than keeping watch over the maritime traffic situation. Currently, maritime 
traffic control is performed via the vessel traffic service (VTS), which is a system 
established by harbour or port authorities that exploits the information provided by the 
automatic identification system (AIS). The AIS is installed on board of cooperative 
vessels and provides important information, such as their global positioning system 
(GPS) position over time, their distinctive identification, course and speed. VTS is 
usually supported by a coastal surveillance radar that offers the possibility to detect 
targets 24/7 at long distances and in all weather conditions. 

An important step forward for improving maritime surveillance and security may 
be the use of radar systems with three-dimensional (3D) imaging capabilities. Having 
available 3D images of targets enables new functionalities, such as effective automatic 
non-cooperative target identification, recognition and classification (NCTI/R/C). 3D 
radar systems could be of great help both in civil and military applications for maritime 
monitoring, security and surveillance even in dense operational environments. If 
installed on board, 3D radars can provide situational awareness and aided navigation. 

3D interferometric inverse synthetic aperture radar (InISAR) imaging has proven 
to be an effective tool to produce accurate 3D images of the target. The concept of 
3D InISAR is shown in Figure 9.1. The idea is to expand the 2D space of the ISAR 
image to a volume, where the brighter scatterers extracted from the 2D ISAR image 
are mapped according to their estimated height. 

3D InISAR can overcome a number of limitations of the 2D ISAR technique, 
which has been deeply investigated in the last few decades as it provides some means 
for automatic target classification and recognition of non-cooperative targets. The 
reader may refer to Chapter 2 for more details on 3D InISAR concept and theory. 
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Figure 9.1 3D InISAR concept 


Although many features can be extracted from a 2D ISAR image, the 2D image 
quality depends on the target’s dynamics other than the radar’s position. Depending 
on the radar-target geometry, ISAR images can be difficult to interpret due to the fact 
that the 3D reflectivity of the target is projected onto an image plane, which is not 
known a priori. Non-cooperative target recognition via 2D-ISAR may be complex as 
theoretically infinite number of 2D target’s ‘views’ could be collected, thus leading to 
very large and most possibly incomplete databases. In addition, monostatic 2D ISAR 
suffers from self-occlusion issues, it is not very robust to jammers and stealthy targets 
cannot be imaged. 

In addition to the single sensor 3D capability, a valuable cutting-edge response to 
the demand of increased level of monitoring and security is the use of several spatially 
distributed low-weight/low-power active InISAR systems. There are many advantages 
of a multistatic ISAR configuration that makes this approach appealing: 


e Defeat stealthy targets: Some targets are made stealthy against monostatic 
radars, but they are detectable by bistatic/multistatic radars. Therefore, bistatic/ 
multistatic radar imaging of stealthy targets may be possible. 

e Avoid geometrically adverse cases: Some targets may deliberately fly directly at 
the radar, therefore generating a geometrical case where no aspect angle variation 
is generated by the target. 

e Improve target visibility: With a single configuration, there is a significant risk 
that the target may not be visible due to the presence of obstacles. 

e Reduce/suppress shadowing effects: In monostatic ISAR, parts of the target may 
be shadowed by other parts of the target itself. 

e Image projection plane (IPP): The IPP depends on the target’s effective rotation 
vector orientation and on the sensor position; by varying the sensor position, a 
number of possible IPPs can be obtained. The availability of multiple sensors 
increases the chance to obtain a desired IPP. 
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e Time to image: In some simple geometrical cases, multiple sensors may be used 
to form ISAR images (coherent and incoherent multi-ISAR image formation). 

e Image fusion: ISAR images obtained by single sensors can be post-processed and 
fused to form more detailed images and/or images with higher resolution. 

e Miultiperspective radar imaging for classification and recognition: Multiple- 
aspect ISAR images can be used to improve classification and recognition perfor- 
mances (both in the cases of template-matching and feature-based approaches). 


The joint use of the information from each 3D InISAR system can be exploited 
also in the framework of the new generation of smart harbours at the purpose of more 
effective collision avoidance, docking facilitator and improved monitoring against 
illegal activities. 

More in general, the 3D information collected at each sensor could provide 
fundamental features, such as the vessel size and type and, more importantly, could 
greatly improve automatic NCTI/R/C performances. 

However, a challenging issue that should be addressed is how to combine the 
data from each sensor. 

Some papers have been proposed in the recent literature that address the problem 
of how to combine data ofa net of distributed radars [1-3]. Fusion may be implemented 
either at raw-data level or at image level. The first one, however, requires a high degree 
of coherence (both in frequency and in phase), which may be difficult to reach in a 
net of spatially distributed radars. 

In the following, the multiview fusion algorithm proposed in [1] is described, 
which can handle data collected from multitemporal and multiperspective configura- 
tions to form more detailed and complete 3D reconstructions. 

The remainder of the chapter is organized as follows. Section 9.1 describes the 
multiview fusion technique. Section 9.2 presents experimental results obtained by 
using real data. Finally, concluding remarks are drawn in Section 9.3. 


9.1 Multiview 3D InISAR image fusion 


Reliable monostatic 3D InISAR reconstructions are typically composed of a small 
number of scatterers for several reasons: 


e Variations of signal to noise ratio (SNR): The correct positioning of the extracted 
scattering centres is affected by the SNR associated to each of them. Then, reliable 
point clouds are often sparsely populated. 

e Self-occlusion: Parts of the illuminated object might be covered depending on 
the specific radar-target geometry. This limits the amount of scatterers that can 
be extracted and then located in the 3D space. 

e Undesirable radar-target geometries: 2D ISAR images with little or no Doppler 
extension might be generated from received data corresponding to specific tar- 
get’s dynamics [4—6]. In this case, the standard range—Doppler image formation 
processing practically produces 1D ISAR images instead of 2D images and no 
scatterers can be extracted. 
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As a consequence, monostatic reconstructions might not carry enough information 
about the target for it to be identified or even for its overall dimensions to be estimated. 

Having available a number of spatially distributed interferometric sensors can 
then be of great advantage in order to obtain a densely populated, accurate 3D 
reconstruction by fusing the information from each node of the network. However, a 
significant issue is how to combine this information. The data fusion can be performed 
either at raw-data level (coherent fusion) or at image level (incoherent fusion). The 
coherent fusion approach typically consists of coherently combining the received sig- 
nals in the spatial frequency domain. However, some critical aspects make it difficult 
to implement this class of systems in practice: 


1. Increased system complexity. 

2. Required accurate time and phase synchronization between the radars in the 
network. 

3. Required a priori knowledge or estimation of both the target’s aspect angle and 
the target’s rotation vector in order to map the signal in the 3D Fourier space, 
namely the full 3D spatial frequencies domain. 

4. Required coherence of the target’s return signal over the multistatic angles. 


Data fusion can be also performed at the image level, which means that the 
outputs of each radar processing are incoherently combined in the image domain. 
However, 2D ISAR images cannot be easily combined. In fact, each radar produces 
a 2D ISAR image, which describes a particular projection of the target’s reflectivity, 
according to the specific radar-target geometry. As an example, let’s consider the 
case in Figure 9.2, where the radars produce three ISAR images, each of which is the 
projection of the 3D target reflectivity function onto different 2D planes, arbitrarily 
oriented in the 3D space. 


Figure 9.2 ISAR IPPs 
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An efficient way to overcome such a limitation is to use a number of InISAR 
systems instead of conventional ISAR systems [7,8], in order to obtain 3D models of 
the target from each sensor and then incoherently join them together. This method, 
although less accurate with respect to the fusion performed at raw data level, is less 
sensitive to phase coherence, angular decorrelation and target’s motion estimation 
errors. In addition, it does not require frequency/time/phase synchronization among 
radars. The great advantage of this method is that a 3D target reconstruction can be 
collected either at different acquisition times or from a generic number of spatially 
distributed interferometric sensors and then merged independently. The block scheme 
of the proposed algorithm is shown in Figure 9.3. 

More specifically, the 3D fusion algorithm can handle the following: 


e Multitemporal data: Batches of received data selected at different times. This is a 
cost-effective solution, as information about the target can be added by using a sin- 
gle interferometric system. Scintillation effects of the scattering centres generally 
cause 2D images of a multitemporal sequence to show different scatterers. These 
images, collected during a short or a long temporal baseline, in turn, generate 
different 3D reconstructions that can be incoherently joined together to increase 
information about the target. Short temporal baseline data consist of a set of 3D 
images formed by processing data acquired at relatively close time intervals, also 
within a single acquisition. Long temporal baseline data can be collected if a target 
does not change its characteristics in time. In this case, multiple 3D reconstruc- 
tion may be obtained from data collected at very distant times (days, weeks and 
months). The implication is that databases can be updated when another acquisi- 
tion of the same target occurs. In an ATR scenario, a database should always be 
updated when possible. Therefore, when a target identification is confirmed, the 
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same data used to identify the target can be used to update the database via a 3D 
fusion. 
A pictorial representation of a multitemporal configuration is shown in 

Figure 9.4. 
Multistatic data: These are gathered by spatially distributed sensors. This method 
allows to obtain a 3D fusion that is a collection of 3D reconstructions obtained at 
different aspect angles. This may reduce or completely solve shadowing issues, 
other than resulting in a more complete and detailed final reconstruction. Multi- 
static 3D reconstruction may become available if multiple InISAR systems are in 
place. One of the main advantages of a multistatic configuration is that multiple 
3D reconstructions can be simultaneously available for 3D fusion, therefore reduc- 
ing the time needed to obtain a satisfactory 3D reconstruction. Also, a number of 
sensors may be positioned strategically to defeat the problems of self-occlusion 
and stealthy targets. 

A pictorial representation of a multistatic configuration is shown in Figure 9.5. 
A combination of multitemporal and multiperspective data. A pictorial represen- 
tation of a multiview configuration is shown in Figure 9.6. 
3D InISAR fusions: 3D clouds of points that are already obtained by fusing 3D 
ISAR images. 


.1 3D fusion 


worth noting that each 3D image is formed by estimating the three spatial coor- 


dinates of each scatterer with respect to a given image plane, which is generally 


not 


the same for all the sensors. For this reason, a pre-alignment stage as first a 


step in order to align the 3D reconstructions with respect to a common reference 
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Figure 9.6 Multiview configuration 


system is necessary. First, each 3D reconstruction is rotated by its estimated angle ĝ to 
eliminate the dependence from the specific IPP. Then, supposing that the positions 
of the nodes of the net are known, it is possible to rotate all the reconstructions with 
respect to a fixed reference system. However, the 3D image formed at each sensor 
can be affected by shadowing effects and inaccurate estimation of ø. These effects 
can cause misalignments, and for this reason, it is necessary to perform a further 
alignment, which is the fundamental step of the 3D fusion algorithm. 
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The 3D image fusion algorithm [9] works iteratively between pairs of 3D recon- 
structions and is structured in the following steps. Among the two 3D reconstructions 
of interest, let us identify one 3D image as the reference, composed of N scatterers. 
The other 3D image is composed of M scatterers. 


e The height error is computed between the nth scatterer of the reference and all 
the M scatterers of the other reconstruction in order to identify possible matches. 
The height error is defined as 


Enm >= hy = hy | (9.1) 


e The height error is compared to a threshold A. A match m(n) for the nth scat- 
terer is confirmed when the height error is lower than the threshold, where 
k =1,...,K, and K, is the number of matches for the specific scatterer of the 
reference. 

e The reference and the other reconstruction are aligned by overlapping the match 
to the nth scatterer, for all the matches. 

e The Euclidean distance is used to compute the number of scatterers that the two 
3D images have in common in this particular position, denoted as cs,(m). A mean 
matching distance is also calculated as a reliability indicator and is expressed as 
follows: 


Cc 
mmd,(n) = = X di(k) (9.2) 
i=1 


where C is the number of common scatterers and d;(k) is the ith Euclidean distance 
between the associated scatterers. 

e For that particular nth scatterer of the reference, among all the alignments obtained 
by overlapping each of the possible matches to the considered scatterer, the 
best alignment is selected based on the maximum number of common scatter- 
ers cs;,(n). If several alignments have the same maximum number of common 
scatterers, the best alignment is chosen based on the minimum mean matching 
distance mmd;,(n). 


These operations are repeated for all the N scatterers and the best final alignment 
is chosen between the best alignments of each scatterer based on the maximum number 
of common scatterers and the minimum mean matching distance. The block diagram 
of the 3D fusion algorithm is detailed in Figure 9.7. 

It can be noticed that the exhaustive search of the best alignment is performed 
for each of the N scatterers of the reference. Then, it is important to choose as the 
reference the 3D reconstruction composed of the smallest number of scatterers, that 
is N < M, in order to reduce the computational costs. 
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Figure 9.7 3D fusion block diagram 


9.2 Multiview 3D InISAR image fusion in 
experimental scenarios 


Results of the multiview 3D InISAR image fusion technique applied to real data are 
detailed hereafter to show the capability and versatility of this approach in experi- 
mental scenarios. The data were acquired during the NATO Set 196 joint trials on 
‘Multichannel/Multistatic Radar Imaging of Non-cooperative Targets’, where a num- 
ber of heterogeneous sensors were deployed in order to investigate multichannel/ 
multistatic radar imaging as a feasible solution to the current limitations of 
NCTI/NCTR based on single channel radars. The trials were run in Livorno from 
29 September to 3 October 2014 and the radar systems were used to simultaneously 
acquire data of anumber of cooperative maritime and air targets [10,11] equipped with 
GPS/IMU (inertial measurement unit) systems to measure their position and velocity. 
With the purpose of 3D InISAR imaging and incoherent fusion, three ground-based 
radars, such as HABRAI, HABRA2 and PIRAD, were used to observe the sce- 
nario from different aspect angles. The two HABRA interferometric sensors are a 
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metasensing BV manufacture, while the PIRAD prototype has borne from a collab- 
oration between the Department of Information Engineering, University of Pisa, and 
the Radar and Surveillance System national laboratory. Both the HABRA and the 
PIRAD systems are frequency-modulated continuous wave interferometric radars. 
Each of their antenna system consists of a transmitting element and three receivers 
arranged in an L-shape but spaced differently according to the system characteris- 
tics. The beampatterns of the antennas have a beam width of 60° along the azimuth 
direction and of 20° along the elevation. The PIRAD system is horizontally polarized 
and makes the use of an X-band Fabry—Peérot resonator, while the HABRA system 
is vertically polarized and uses a microstrip patch flat panel antenna. Finally, a GPS 
PPS and a reference clock at 10 MHz of the GPS-DO system were installed on board 
the radars in order to reach time and phase synchronization between the systems. The 
campaign set-up is depicted in Figure 9.8, while the main parameters of the HABRA 
and PIRAD systems are detailed in Figures 9.9 and 9.10, respectively. 

The analysed data were collected on 3 October 2014. The training ship of the Ital- 
ian Navy, Astice, was crossing the illuminated area with a number of non-cooperative 
targets. Astice is shown in Figure 9.11 with its CAD and Astice’s dimensions are 
specified in Table 9.1. 


9.2.1 Application of multiview 3D to multitemporal data 


Multitemporal results shown hereinafter refer to the training ship Astice when 
illuminated by the interferometric sensor PIRAD. 

Three batches of data from a single PIRAD acquisition interval were elaborated 
to form three 3D reconstructions that will be joined together throughout the multiview 
technique. The range—Doppler maps corresponding to the different time intervals to, 
ti = to +2 s and b = tọ + 3 s are shown in Figure 9.12. Astice is highlighted by the 
red box and the selected time intervals are detailed in Table 9.2. 


Figure 9.8 Measurement campaign set-up 
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Figure 9.9 HABRA main parameters 


Description Value 
Waveform FMCW 
Transmitted frequency (X-band) 10.7 GHz 
Band 300 MHz 
Antenna elevation beamwidth (—3 dB) 20° 
Antenna azimuth beamwidth (—3 dB) 60° 
Transmitted power Up to 33 dBm 
Polarization H 
PRF 500 Hz 
Vertical/horizontal baseline 0.47/0.41 m 
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Figure 9.10 PIRAD main parameters 


298 Multidimensional radar imaging 


-20 


Figure 9.11 Training ship Astice 


Table 9.1 Size of Astice 


Length 32.4m 
Width 6.47m 
Deckhouse height ~4.5m 
Main mast height ~8m 


As expected, the data processed at different time intervals produce different 2D 
ISAR images due to the target’s complex motion. Figure 9.13 illustrates the 2D ISAR 
images of each time step and the scatterers extracted by means of the MC-CLEAN 
technique described in Chapter 2. 

Figures 9.14-9.16 show the output of the 3D InISAR processing for the three 
time intervals before the prealignment stage. 

The output of the prealignment block is depicted in Figures 9.17 and 9.18, where 
the 3D images are rotated by the estimated rotation angle ¢ and located in a common 
reference system with their centroids in [0, 0,0]. Again, shadowing effects and pos- 
sible incorrect estimation of the rotation angle cause misalignments and the overall 
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Figure 9.12 Range—Doppler maps of PIRAD at times (a) to, (b) tı = to + 2 s and 
(c) ty = to + 3 s. The training ship Astice is highlighted in the red box 


Table 9.2 Selected time intervals — 3 October 
2014 — Astice 


Acquisition time [hh:mm:ss] Tops ÍS] 


to 13:02:40 0.9 
ti 13:02:42 0.9 


bh 13:02:43 0.8 
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Figure 9.13 2D ISAR images of the target collected at PIRAD at times (a) to, 
(b) ti = to + 2 s and (c) tz = to + 3 s. The black circles denote the 
scatterers extracted by means of the MC-CLEAN technique — Astice. 


size of the ship cannot be inferred. The 3D fusion algorithm aligns the monostatic 3D 
reconstructions by exploiting the scatterers height and the Euclidean distance. The 
resulting final fusion is shown in Figures 9.19 and 9.20, while Table 9.3 details the 
estimated target dimensions for the monostatic cases and for the multitemporal fusion 
compared with the actual size of the training ship Astice. 

It is worth pointing out that the multitemporal 3D reconstruction contains the 
joint information from the three time intervals and consequently, it improves 3D target 
reconstruction. As an example, it can be noted that after the multitemporal fusion, 
the main structures of the ship as the bow, the deckhouse, the mast and the stern 
are more easily distinguishable with respect to the single monostatic cases. This is 
because, even if similar, each monostatic 3D reconstruction derives from the analysis 
of temporally diverse data batches and thus adds information to a single acquisition. 
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Figure 9.15 InISAR 3D reconstruction relative to time t; = to + 2 s — Astice 
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Figure 9.16 InISAR 3D reconstruction relative to time tz = tọ + 3 s —Astice 
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Figure 9.17 Results of the prealignment step — multitemporal data set — 3D view — 
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Figure 9.18 Results of the prealignment step — front view (left), side view 
(top-right), top-view (bottom-right) — multitemporal data set — Astice 
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Figure 9.20 Multitemporal final fusion — Astice — projections — side view (top), 
top-view (bottom-left) and front-view (bottom-right) 
Table 9.3 Estimated dimensions — multitemporal case — Astice 
Length [m] Width [m] Height [m] 
Actual size 32.4 6.47 12.5 
to 29.14 3.96 5.6 
ti 21.77 5.95 9.5 
bh 28.32 6.67 5.24 
Final fusion 32.5 6.8 9.5 
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9.2.2 Application of multiview 3D to multistatic data 


This approach takes advantages from the spatial diversity, which exploits differ- 
ent aspect angles and consequently generates multiperspective data sets. Results 
of the multistatic processing that are shown here are related to sensors HABRA 
1, HABRA 2 and PIRAD illuminating the training ship Astice on 3 October 2014. 
Table 9.4 describes the selected sensors and the processed time intervals. 

As a result of the prealignment processing, the 3D images are aligned as shown 
in Figures 9.21 and 9.22. 

The output of the 3D fusion algorithm is shown in Figures 9.23 and 9.24, which 
illustrates the final 3D multistatic fusion obtained by incoherently fusing the three 
monostatic reconstructions obtained by HABRA 1, HABRA 2 and PIRAD. 

Table 9.5 details the estimated ship dimensions for the monostatic cases and the 
multistatic fusion against the actual size. 

Also in this case, the final 3D cloud of points results more dense and the target’s 
shape is reconstructed. In addition, the estimation of the target length, width and 
height is more accurate with respect to the monostatic cases. 


Table 9.4 Selected sensors and time intervals — 3 October 2014 — Astice 


Acquisition time [hh:mm:ss] Tons ÍS] 
HABRA 1 13:02:38 0.9 
HABRA 2 13:02:38 0.9 
PIRAD 13:02:42 0.9 
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Figure 9.21 Results of the prealignment step — multiperspective set — Astice — 3D 
view 
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Figure 9.22 Results of the prealignment step — multiperspective set — Astice — 
projections — front-view (left), top-view (top-right) and side-view 
(bottom-right) 
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Figure 9.23 Multistatic final fusion — Astice — 3D view 


9.2.3 Application of multiview 3D to a combination of multistatic 
and multitemporal data 


Further information to the final image can be added by combining multitemporal 
and multiperspective data. The availability of both these configurations gives the 
opportunity to use a larger number of 3D reconstructions as input to the 3D fusion 
algorithm and consequently to obtain a more complete and more detailed 3D image 
of the target. 
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Figure 9.24 Multistatic final fusion — Astice — projections — side view (top), 
top-view (bottom-left) and front-view (bottom-right) 
Table 9.5 Estimated dimensions — multistatic case — Astice 
Length [m] Width [m] Height [m] 
Actual size 32.4 6.47 12.5 
HABRA 1 24.6 5.4 8.1 
HABRA 2 28.3 3.3 6.8 
PIRAD 21.8 6 9.5 
32.2 6.2 9.8 


Final fusion : 


The multitemporal and the multistatic reconstructions of the training ship Astice 
are fused by means of the 3D fusion algorithm in order to exploit both the space 
and time diversity of the received data. Multitemporal and multistatic data are used 
to form a final 3D reconstruction by means of the 3D fusion technique and are 
depicted in Figures 9.25 and 9.26. The cloud of points that is located in a 3D space 
is highly populated and best highlights the main structures of the target. Moreover, 
the multitemporal/multistatic fusion accurately estimates the target dimensions, as 
detailed in Table 9.6. 

The availability of a wider set of information, that is the combination of both 
multitemporal and multiperspective data, suggests that the resulting multiview 3D 
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Figure 9.26 Multiview final fusion — Astice — projections — side view (top), 
top-view (bottom-left) and rear-view (bottom-right) 
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reconstruction will be in most cases the most complete with respect to the configu- 
rations described in the previous paragraphs. As expected, in this case, the multiview 
3D reconstruction best describes the target shape and size, which is very important 


for ATR/ATC systems, as observed in Table 9.6. 


308 Multidimensional radar imaging 


Table 9.6 Estimated dimensions — multiview case — Astice 


Length [m] Width [m] Height [m] 
Actual size 32.4 6.47 12.5 
Multitemporal final fusion 32.58 6.84 9.5 
Multistatic final fusion 32:2 6.2 9.8 
Multiview final fusion 32.8 6.8 9.8 


9.3 Conclusion 


In this chapter, it has been shown that 3D image reconstruction using multiple views 
greatly enhances the system capability to reconstruct 3D non-cooperative target 
images effectively. The fusion of 3D point clouds obtained by using several tem- 
poral and a number of node acquisitions creates a more densely populated point 
cloud that better represents the target of interest and allows for important features 
to be extracted more accurately and reliably. In fact, every single 3D fusion may 
add important information about the target with respect to a single reconstruction. 
Moreover, new information about the target of interest can be uploaded, when avail- 
able, in order to update recognition and classification databases based on 3D InISAR 
imaging systems. Although the implementation of ATR systems that make use of 3D 
reconstructions is still not in place, the results shown here are a strong encouragement 
to use this new technology to strengthen radar image-based ATR. 
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Chapter 10 


Challenges of semi-cooperative bi/multistatic 
synthetic aperture radar (SAR) using 
Cosmo-SkyMed as an illuminator 


Claire Stevenson! , Matthew Nottingham', Darren Muff 
and David Blacknell! 


10.1 Introduction 


There has been a recent surge in activity related to bistatic synthetic aperture radar 
(SAR) systems. This is, in part, due to recent advances in hardware making such 
systems more attainable and the fact that the approach itself has the potential to 
provide the following unique properties: 


1. Defeating counter-measures (such as jamming). 

2. Improving detection performance by reduction of ‘spiky’ clutter [1]. 

3. Investigation of complex radar phenomenology (e.g. analysis of complex 
scattering environments, such as the inside of buildings). 


A SAR image is typically formed by having a moving radar system (e.g. ona spacecraft 
or an aeroplane) which transmits a series of pulses illuminating an area of the ground 
and records the energy reflected from the ground. It is then possible to combine these 
recorded reflected pulses into a map of radar cross section (RCS) as a function of 
2D position within the illuminated area. More details of the basic principles of SAR 
image formation can be found in [2—4]. 

Here, we investigate the bistatic case whereby transmitter and receiver are spa- 
tially separated by a significant distance. There are a number of ways to implement 
a bistatic SAR system, with either a moving transmitter, a moving receiver or both 
transmitter and receiver moving. Exploiting illumination sources designed for SAR 
image formation has a number of advantages, including desirable waveform ambigu- 
ity functions and suitable power spectral density on the ground. Previous studies have 
demonstrated successful bistatic SAR image formation using space-based SAR sys- 
tems as illumination sources and ground or airborne receivers [5,6]. In this work, we 
explore the case of a space-based SAR system (Cosmo-SkyMed) as an illumination 
source and static ground-based receivers. 


'Cyber and Information Systems Division, Defence Science and Technology Laboratory (DSTL), Porton 
Down, Salisbury, UK 
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The bistatic imaging geometry is itself a subset of the more general imaging 
geometry — multistatic. A multistatic imaging geometry allows for N-transmitters 
and M-receivers all working simultaneously. For the investigation of complex radar 
phenomenology, a multistatic configuration is the preferred solution as it provides 
the required diversity of collection in the spatial, frequency and polarimetric domains 
necessary for characterising the underlying complex scattering matrix. In order to 
fully exploit the dataset, phase must be comparable across all receivers such that the 
system is coherent at the frequency of operation. Coherent multistatic data collection, 
for single pass volumetric or single pass multi-aspect imaging, for example, places 
more stringent requirements on the hardware used for transmission and reception than 
a bistatic collection [7,8] as coherency between pairs also needs to be maintained. 
This work provides a general overview of some of the challenges faced when expand- 
ing from a bistatic to a multistatic configuration. There is a focus on the specific 
application of semi-cooperative bi/multistatic imaging using Cosmo-SkyMed as an 
illuminator. The impact of errors in transmitter location is addressed and the resulting 
spatially variant geometric distortions in imagery explored. 


10.2 Semi-cooperative bi/multistatic data collection 


A multistatic system is considered as a series of bistatic pairs, which can be combined 
coherently. There are several ways of achieving coherence in a bistatic system; pre- 
vious work has investigated the use of both specially modified transmitter—receiver 
pair, such that timing for synchronisation is shared between the pair [1,9] and an 
unmodified transmitter with a receiver which captures signals from both the reflected 
path and directly from the transmitter [10]. The second method has the advantage that 
it allows the use of transmitters of opportunity, e.g. DTV, to be exploited as illumina- 
tion sources and for the multistatic case, it does not require modification of multiple 
sensors. 

In this work, the following assumptions are made about the general hardware and 
collection parameters: 


e The multistatic array is formed ad hoc from an illuminator of opportunity (in this 
case Cosmo-SkyMed) and available receivers are capable of operating bistatically 
(i.e. with two channels for digitisation of direct and reflected path) but not neces- 
sarily designed to operate as a distributed coherent network, as might be the case 
when pooling of hardware resources between research groups. 

For simplicity, the receivers are stationary. 
The required distance between receiver locations to provide desired imagery of a 
target area prohibits cabling for synchronisation links. 

e The receivers have no transmit capability. This allows for completely passive 
operation in RF dense environments, where transmission licences may be difficult 
to acquire. 


The imaging geometry for a single bistatic pair is illustrated in Figure 10.1. 
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(Tx) 
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(Rx) 


Radar energy 
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Figure 10.1 The bistatic imaging geometry used for an unmodified spaceborne 
transmitter (Tx); in this case, Cosmo-SkyMed, and a static 
two-channel ground-based receiver (Rx). The direct and reflected path 
antennas of the receiver are shown within the main beam of the 
transmitter, with the two paths of radar energy given by red arrows 


10.3 Hardware considerations 


If, as described previously, coherence between transmitter and receiver is achieved 
through digitisation of both direct and reflected path, then, for the multistatic array, 
only the coherence between the receivers needs to be considered. 

Ideally, the receivers would all digitise the incoming signal at precisely the same 
sample times so that coherence is maintained across the array. However, there are 
some practical reasons why this might not be possibly outlined as follows: 


10.3.1 Analogue-to-digital convertors (ADCs): bulk delay offset 


As shown in Figure 10.2, the time between triggering the ADC, the sampling edge 
of the clock and the instant when the sample of the input analogue signal is taken is 
known as the bulk delay offset. Even for ADCs sharing a clock, sampling does not 
typically start at precisely the same time due to jitter on the time between clock edge 
and sample taking. Typically, the jitter is very small in comparison to the delay (on 
the order of femtoseconds [11]). However, the bulk delay offset between different 
ADCs running on separate clocks may be significant; on the order of ~200 ms has 
been seen between ADCs of different models. 

If one considers that the pulse repetition frequency (PRF) of Cosmo-SkyMed 
is, at a minimum, 3,148 Hz during spotlight mode [12], 200 ms equates to 629 
pulses difference in start of digitisation between receivers. This presents a problem 
in realigning the data across a multistatic array to achieve coherence. If digitisation 


314 Multidimensional radar imaging 


i sie 
— >| +—— Jitter 
j ja 


Analogue signal 


— — Delay 


Sampling clock 


Figure 10.2 Delay offset and jitter shown with respect to the sampling clock edge 


does not start some time before the illumination window to ensure that the first pulse 
is clearly identifiable in all receivers discerning which individual pulses have been 
digitised is problematic. 

In most cases, GPS data can be used to provide a coarse realignment followed by 
cross correlation to provide a finer estimate of delay between pulses. However, this 
does place additional hardware requirements on the available receivers that GPS data 
is also digitised alongside the SAR data. 


10.3.2 Clock drift 


Accurate synchronisation of the clocks on-board the distributed set of receivers is 
necessary for coherent combination of the data. Oscillator (or clock) noise can 
broadly be broken down into two main components; a low-frequency linear drift 
over time and a random high-frequency component, which is parameterised by the 
Allan deviation [13]. 

In a bistatic pair with an unmodified transmitter, differences between the on- 
board clocks are avoided by digitisation of the direct path from the transmitter and 
using that as the reference function to cross correlate with the reflected path for pulse 
compression. In that case, both the reference pulse and the pulse to be compressed are 
sampled using the same clock. For a multistatic system with M unmodified receivers, 
the problem becomes more complicated as M free running clocks will digitise a 
different instantiation of the direct and reflected paths, as depicted in Figure 10.3. 

The impact of oscillator noise on bistatic SAR has been investigated in detail in 
[14], and the reader is referred to the paper for a qualitative discussion on the impact 
on the resultant image. To summarise the findings, the main lobe impulse response 
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clock 2 | | 
Figure 10.3 Effect of clock drift between two receiver clocks on analogue signal 
sample times. Circles represent sample times of receiver I running 


sample clock 1 and triangles show sample times of receiver 2 running 
sample clock 2 


function of the compressed pulse is found to broaden, sidelobes become asymmetric 
and sidelobe contribution increases. With increasing clock drift, peaks undergo an 
offset in range and azimuth defocussing. 

Digitisation of the illuminator Cosmo-SkyMed, which operates at 9.6 GHz, places 
particularly stringent requirements on clock stability. For coherent combination, we 
pose the constraint of stability on the order of one-tenth of a wavelength over the 
collection aperture, at 9.6 GHz with a 7-s aperture that gives a required Allan deviation 
of <1.48e — 12 s over the period of 1 s. Therefore, given sufficiently stable clocks in 
all receivers (hydrogen masers can achieve <le — 13 s in 1 s), coherent combination 
of data should not be an issue. However, such technologies can be prohibitive, both in 
terms of cost and size, weight and power. In these cases, a data-driven clock-recovery 
post-processing technique is required. 

Given a sufficient signal-to-noise ratio in the digitised data, phase offset can be 
directly measured between two channels using cross-correlation techniques. Phase 
offset of all receivers with respect to a ‘master’ receiver can be computed, and the 
appropriate phase corrections applied to the data. This may be problematic for the 
reflected path channel of a bistatic receiver where signal-to-noise ratio can be a 
challenge; however, in these cases, the direct path measurements can be used to 
estimate and remove the low-frequency component of clock drift followed by a con- 
trast maximisation technique applied to the final image to provide finer resolution 
corrections. 


10.4 Semi-cooperative bistatic SAR signal processing 


In addition to hardware considerations, there are a number of signal-processing factors 
to be taken into account when considering the quality of the resulting bi/multistatic 
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image when formed semi-cooperatively. The theory for processing data using a two- 
channel receiver to achieve coherence with the transmitter and a semi-cooperative 
illumination source is developed later. 

Considering the transmission of a single pulse with a signal of S(t), the received 
signal, Q(t), will be 


alltargets 


OCH) = AdirectS(t — Tarea) + X AS(t — Ti) (10.1) 


i=0 


where A is the amplitude due to the RCS of the target (i), the strength of the transmitted 
pulse and the RF characteristics of the receiver (antenna gains in the direction of target, 
cable losses, amplifier characteristics, etc.) and T is the time delay due to the total 
path length, i.e. 


[Px — Pil + Pre Pi 


C 


T; 


(10.2) 


where P is the vector position of the object, for example in ECEF coordinates, and c 
is the speed of light. For the direct path signal delay, Tyirec:, Pix = Pi, hence Tyirect = 
|Prx = P,x|/e. 

For (10.1) and (10.2), it can be seen that a signal recorded by the receiver Q will 
be a time delayed copy of the transmitted signal followed (in time) by the reflected 
copies from all the targets in the scene. If Q is now the range compressed to form Q’ 
(by using, e.g., a suitable matched filter), then the positions and phase of the reflected 
signals can be determined from the difference to the phase and position of the direct 
path return. The direct path signal will always be the first return for a given pulse and 
typically the brightest return making it simple to synchronise to this return. 

In order to process the received data into an image, it is necessary to convert 
the stream of continuously recorded data into a series of pulses that can then be 
supplied to a generic SAR image-formation processor. The processing in this work 
was undertaken semi-cooperatively meaning that there was no a priori information 
available about transmitter timings and locations. As such, some assumptions have to 
be made about the nature of the transmitter, these are as follows: 


1. The PRF is fixed, i.e. the nth pulse will be transmitted at a time Tọ + nTprr, where 
Tprr (pulse repetition interval, PRI) is 1/PRE, Tp is the date and time of the first 
pulse and n is the pulse index. 

2. The position of the transmitter can be accurately estimated. 


In this case, having a satellite-based transmitter, its position can be estimated using 
the SGP4 algorithm [15]. SGP4 refers to a simplified perturbations model, which 
allows for the calculation orbital state vectors of satellites relative to the Earth- 
centred inertial coordinate system. Using two-line element (TLE) data from Celestrak 
(http://celestrak.com/publications/AIAA/2006-6753. [Online]), the position of the 
satellite can be estimated such that: 


Px, = SGP4(Ty — nT per) (10.3) 
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Due to the specification of the TLE data format and limitations in the SGP4 model, 
there will be errors in the absolute position of a satellite to a couple of kilometres (see 
[15] for details). In the geometry, we are considering here with a static ground-based 
receiver, P, is known to a high accuracy. The effects of the error in position of the 
transmitter, P,., are discussed later in this chapter. 

Combining (10.2) and (10.3) with a known P, and derived Tọ (from the arrival 
time of the first pulse and allowing for the time of flight) means that it is now possible 
to split the recorded data stream into pulses, which can be processed by a standard 
bistatic SAR image formation algorithm [9]. This process is performed by identifying 
the range-compressed data in the direct path return for a given pulse, shifting the whole 
(i.e. including a suitable swath width to include the target area of interest) of that pulse 
such that the direct path return is now located at a fixed range cell, applying a phase 
correction such that the direct path signal now has a fixed (between pulses) phase. 
The effect of this process is to stabilise the data to the fixed receiver position so that 
for a given target and pulse: 


AR(n, i) = |SGPA(T) — nT prt) — P;| + |Px — Pil 
—|SGPA(Ty — nT rr) — P,x| (10.4) 


where AR is the difference in path length from the direct path signal. This form of 
stabilised data is the same as is typically produced by a dechirp-on-receive radar 
[2] and so it can be processed by a standard image formation algorithm as we have 
effectively caused data associated with the P,» position to have zero range (for each 
pulse) and zero rate of change of phase (between pulses). 


10.5 Effect of errors in transmitter position 


As described in the previous section, due to the semi-cooperative nature of these data 
collection activities, transmitter locations were predicted using a TLE and SGP4 orbit 
propagator. However, there may be significant errors in the positions the TLE predicts 
[15]. In order to consider the effect of these uncertainties of the transmitter position 
on the quality of the output image, an expression for the magnitude of these errors is 
developed later. 

If, at the centre of aperture time, the transmitter has a positional error Rer in 
the direction of P,,—P,.., then the stabilisation process described previously would 
estimate the value of Tọ incorrectly by a value of R,,,/c, which in turn would lead 
to an additional error in the along-track direction of ~V,,,R.,,/c due to the orbital 
motion. If we assume an error of | km, this orbital error would be of the order of 
3 cm (assuming Vors = 7.5 km/s). As a first approximation, this additional error will 
be ignored as it is much less than the 1-km positional error. 

The positional error will manifest itself as a phase error, which can be investigated 
by adding an additional term into (10.5). 


AR(n, i) = |SGP4(To — nTprr) + Per — Pil + [Px — Pil 
—|SGP4(Ty — nTprr) + Perr — Prx| (10.5) 
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Figure 10.4 The simplified 2D model geometry is shown with the receiver at the 
origin of the (R, Y) space 


From (10.5), it can be seen that an analytical expression for a general case is difficult 
to determine. To simplify we make the assumption of a linear track in a coordinate 
system of slant range, 7, and along-track position, ĵ, originating at the receiver location 
and with a transmitter position error that is only in 7 as shown in Figure 10.4. 


ARerr(n, i) = [Ro° + (Yo + NAY) I + Rer? — Pil + |Pil 
— IRo? + (v9 + NAY) Ô + Roy — OF | (10.6) 
The vector P; has components (P , P ) in the 7 and ĵ directions, respectively. Assum- 


ing that Ro > Rey, Yo, Pi, nAy and that terms of Rp 4 and smaller can be ignored, it 
can be shown using a binomial expansion that the difference between the assumed 
AR and the actual AR, is the important quantity as that will show the mismatch in 
the expected phase history to the actual phase history. It can be shown that: 


ee P 
E(n,i) = AR(n,i) — ARer (n, i) = R nAy + = + yo 
0 


Ror ° ĵ Rer 7 - 
= (r: (nAyy +P? (= + Pi) + Pry 
0 


= nAy (Rat ae PP) + yo (2nAyP$ + Ron P + 2P) ) 


+ Ri 

If suitable values are used, e.g. Ro (800 km), n (—10,000 to +10,000), Ay gives the 

position between pulses, so assuming an orbital velocity of 7.5 km/s and a 3-kHz PRF 

Ay (7,500/3,000 = 2.5 m), yo (0 m), P; (100.0, 100.0), then a graph of the range error 
vs pulse can be formed and is shown in Figure 10.5. 

The error manifests itself as a very small offset in range (~10 um) and an 

approximate linear range ramp over the aperture. This linear range ramp will have the 


(10.7) 
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Figure 10.5 Graph showing the amount of range error over the course of the 
imaging aperture computed from (10.6) using representative values. 
The centre of aperture point is given as pulse number 0 


effect of causing a linear phase ramp over the aperture, which will cause an azimuthal 
shift. However, due to the small amplitude of this phase ramp, the azimuthal shift 
will be quite small. As the magnitude of P; increases, the effects of the error become 
larger as shown in Figure 10.6. 

As can be seen from Figure 10.6, as the magnitude of P; increases, the size of 
the error also increases and also becomes more non-linear. The non-linearity will 
have a defocussing effect on the created image. From Figure 10.6, it can also be 
seen that the size of the error increases more rapidly with increases in displacement 
in the along-track position than it does with increases in the transmitter—-receiver 
displacement. 

Unfortunately, due to the mathematical derivation used to form (10.6), it is impos- 
sible to use larger values of P; or Rer without encountering significant numerical 
errors. Further work will be undertaken to improve the error model and to incorporate 
along-track errors from the transmitter. 


10.6 Image formation 


The typical algorithms used for SAR image formation are the polar format algorithm 
(PFA), the range migration algorithm (RMA, also known as omega-K) and the back- 
projection algorithm (also known as time domain processing) [2,3]. 

There are advantages and disadvantages to each of these algorithms, which are 
summarised in the following table. Due to the nature of the imaging geometry used 
with near-range returns from targets close to the receiver and with the inherent wide 
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Figure 10.6 Graph showing the variation in range error as a function of target 
position. As the distance increases between the target and the receiver, 
the range error becomes larger and more non-linear. Vector P; has 
components (P? , PÊ) 


Table 10.1 A comparison of image formation techniques for bistatic SAR 


Algorithm Advantages Disadvantages 

PFA Speed (fast) Assumes planar wavefronts 
Low memory requirements 

RMA No planar wavefront assumption Large memory requirements 

Back-projection No assumptions Speed (slow) 


significant angular spread of target positions, this makes it more likely that there will 
be significant wavefront curvature. This can be noticed when an image is formed using 
PFA on such an imaging geometry as it will show significant distortions in areas of 
the scene close to the receiver. From Table 10.1, it can be seen that the back-projection 
algorithm is the preferred choice, especially if there are no time constraints. 

The implementation of the back-projection algorithm that has been used to pro- 
cess data in this report had been written to exploit the ‘embarrassingly parallel’ 
inherent nature of the back-projection algorithm. In order to fully exploit the per- 
formance available in modern computing devices, it had been coded to run using 
the OpenCL environment and can exploit the hundreds of threads (execution units) 
available on modern GPU cards. 
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10.7 Experimental validation of semi-cooperative bistatic 
SAR signal processing 


In order to demonstrate the concept of performing bistatic image formation from 
a fixed receiver using a space-based SAR system as an illuminator and to validate 
the output of the transmitter location error work, a semi-cooperative bistatic data 
collection activity was undertaken. Cosmo-SkyMed was used as the semi-cooperative 
space-based transmitter, and a fixed ground-based receiver was deployed in the main 
beam in the Portsmouth region of the United Kingdom. 

An overview of the system used for collections is given in Table 10.2. 

The Cosmo-SkyMed SAR constellation [12] was used in enhanced spotlight 
mode on a descending pass and used horizontal polarisation. 

An example of bistatic image formed using an accurate TLE model is shown in 
Figure 10.7(b). There is some roll off in SNR towards the edges of the beam; however, 
it can be seen that the image is well focussed throughout the swath (the receiver is 
located in the top right corner of the image). 

The optical image is shown in Figure 10.7(a) for comparison and it can be seen 
that there is a good correspondence between features in the bistatic and the opti- 
cal images. Although well focussed, there is a small range offset in the bistatic 
image (Figure 10.7(b)) compared to the true underlying scatterers. This range error 
increases with distance from the receiver as described in previous sections. This can 
be attributed to minor errors in the TLE model used to derive transmitter locations. 
Further work is required to understand the extent to which these errors may impact 
coherent combination of datasets. 

A bistatic image formed using a TLE several weeks ahead of the collect and SGP4 
to propagate forward to predict transmitter locations is shown in Figure 10.7(c). It 
has been shown [15] that errors in orbit predictions using TLEs increase the further 
ahead in time one estimates the orbit. The spatially variant geometric distortions 
due to errors in transmitter location can clearly be seen in Figure 10.7. The amount 
of defocus and displacement increases with distance from the receiver as predicted. 
The phase errors introduced due to transmitter location error also impact on the 


Table 10.2 Overview of receiver system used for bistatic 
collection of Cosmo-SkyMed illumination 


Disposition Stationary ground-based receiver 


Frequency band of operation X-band (8-12 GHz) 

Number of Rx nodes 1 receiver node 

* channels per node e 2 coherent channels 

e digitisation * 8 bits real at 2G samples/s 
e IMU «N/A 

Number of Tx nodes 0 transmit nodes 
Synchronisation Rubidium frequency standard 
Coverage ~30 degrees beam width 


Size and weight 0.7 x 0.6 x 0.8 m box ~30 kg 


322 Multidimensional radar imaging 


Figure 10.7 (a) Collection geometry overlaid on a satellite image of the region, the 
yellow arrow shows the direction of incoming energy and the orange 
arrow indicates reflected energy from the target area to the receiver, 
iso range and iso-Doppler lines are shown in red and green, 
respectively, (b) example bistatic image formed with an accurate TLE 
model for transmitter location prediction, (c) example bistatic image 
formed using a TLE several weeks ahead of the collect for transmitter 
location prediction. Image formed on a 4,096 x 4,096 grid with 1 m 
post-spacing 


contrast-to-noise ratio of the image as energy from a single scattering body becomes 
spread across many resolution cells. Autofocus was not used in this image formation 
process; however, such a technique may help in both focussing defocussed images 
and determining transmitter position more accurately. Currently, images are formed 
using back-projection onto a regularly spaced grid covering the area of interest. The 
application of autofocus techniques would require the image formation to be carried 
out on a range-Doppler grid and is an area for future study. 

It may be possible, given a known receiver position and an accurate digital eleva- 
tion model of the local terrain to use tie points on the ground and an iterative approach 
to determine the precise location of the transmitter, analogous to the rigorous-range- 
Doppler method. This would allow for appropriate phase correction terms to be 
derived for each bistatic image formed. Future work will look to implement such 
a method and demonstrate the reduction in phase errors. 

Such geometric distortions and phase errors will impact on the success of coherent 
combination of multiple datasets to form a multistatic image. The precision required 
in knowledge of transmitter location and pulse timings increases and the number of 
datasets for coherent combination increases. Future work will determine the required 
transmitter position precision as a function of N multistatic datasets for coherent 
combination. 


10.8 Conclusions 


Semi-cooperative bistatic SAR has been demonstrated using Cosmo-SkyMed as an 
illuminator of opportunity and a static two-channel ground-based receiver. A general 
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discussion of hardware considerations to be taken into account when expanding to 
a multistatic scenario has been presented. A simple error model for predictions in 
transmitter location has been derived and the impact of such errors has been shown in 
example imagery. Defocussing and range migration are the main effects when large 
errors exist in the predicted transmitter location. Further work is required to extend 
the error model and to determine the required precision to allow coherent combination 
of bistatic datasets. 
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Chapter 11 


Lesson learnt from NATO SET-196 RTG 
on ‘multichannel/multi-static radar imaging 
of non-cooperative targets’ 


Marco Martorella! and David Greig? 


Research is carried out at different levels, from basic to applied research, and within 
a variety of bodies, which span from academia to industry and government institu- 
tions. NATO has its own organisation that deals with science and technology, namely 
the Science and Technology Organisation. Within such an organisation, a number 
of research-related activities are carried out. In particular, the Collaborative Support 
Office is in charge of fostering and supporting research collaboration among NATO 
and NATO-friendly nations. It is within this framework that the Research Task Group 
(RTG) NATO SET-196 on ‘Multichannel and Multi-static Radar Imaging of Non- 
Cooperative Targets’ was created and where more than ten nations have contributed 
to the results that have been presented in this book. 


11.1 The role and impact of NATO SET-196 RTG 
within and outside NATO 


NATO SET-196 has dedicated all its effort in trying to study algorithms and systems 
that make use of multiple channels and multiple nodes to improve imaging capabili- 
ties of non-cooperative targets. This aspect is a fundamental importance to NATO and 
the Alliance as it provides the basis for improving target classification. Target clas- 
sification is one of the pillars of intelligence surveillance and reconnaissance, which 
represents the basic input to tactical and strategic command and control. The results 
obtained by SET-196 have been recognised within NATO as a step forward in this 
direction and follow-on activities have spun off it, such as the SET-250 RTG on ‘Mul- 
tidimensional Radar Imaging’. It is also important to highlight the impact of SET-196 
on the open literature and scientific community. In fact, releasable results have been 
published in various journals and conferences and then reviewed and collected in this 
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book, which is offered as well to the open literature. Other than producing relevant 
and solid results, SET-196 has provided an outstanding platform for interaction and 
collaboration among more than ten nations and has fostered several collaborations 
outside the NATO framework. 


11.2 Progress made by NATO SET-196 within multidimensional 
radar imaging 


Imaging radars are of great importance in the increasing complex operational envi- 
ronment of the modern military world where it is necessary to not only detect but also 
recognise and identify objects of interest quickly and with a high level of confidence. 
Radar imagery gives a view of the world at radio frequencies driven by the resolu- 
tion achievable within the bandwidth of the receiver, so it does not look like optical 
imagery requiring a high degree of expertise and experience to interpret visually. 
This has led to the development of Automatic (or sometimes Aided) Target Recogni- 
tion (ATR) algorithms which present a classification of type of target imaged by the 
radar to the operator. ATR algorithms are well advanced for recognition of medium 
and large air and maritime targets and are reasonably mature for static ground tar- 
gets imaged by high-resolution synthetic aperture radar (SAR). Nevertheless, they 
are less mature for smaller targets and moving ground targets and, in general, there 
is no ATR algorithm which could not be improved by higher probability of correct 
target recognition and/or lower false target recognition. ATR performance is driven 
by the quality of the imagery input to the process. Increasing resolution of radar 
imaging puts demands on bandwidth and processor throughput which may be dif- 
ficult and expensive to meet. There are also physical limitations on what resolution 
can be meaningfully achieved related to the wavelength of the imaging radar, lower 
frequency radars having fundamentally lower resolution capability (which has to be 
traded off against their inherently longer range and wider area coverage). In terms 
of system design, therefore, the addition of other dimensions to 2-d radar imagery 
may be more easily achieved than increasing resolution and can offer enhanced ATR 
performance from a classifier which exploits the unique features of the target mea- 
sured in the additional dimensions of the data. Moving from 2-d to 3-d imaging is 
the obvious approach (as in Chapters 2, 5 and 9). The additional dimensions could 
be more abstract also, such as variation in frequency (Chapter 7), exploiting features 
unique to certain targets (Chapter 8) or removing signals which reduce image quality 
(Chapter 3). Introducing multidimensional imaging to a radar system will have an 
impact on systems design. Increasing the number of channels and/or antennas on 
a system introduces complexity which can be difficult and expensive to implement 
unless it maps onto existing architectures. Using multiple simultaneous sources of 
data to form multidimensional images is the alternative, which would increase the 
overall cost of a system unless existing signals can be exploited for the purpose. 
This is why the use of passive radar (Chapters 4, 6 and 10) is strongly connected 
with viable methods of multidimensional imaging. Multidimensional imaging tech- 
niques are most likely to be adopted if they can be applied in existing operational 
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radar systems rather than require the development and procurement of bespoke sys- 
tems. For multichannel imaging algorithms, the techniques which can produce a 
performance benefit with a low number of channels (2, 3 or 4 typical of monopulse 
radars) are those which can be considered for immediate exploitation. Cooperative and 
coherent uses of multiple radars along a horizontal or vertical baseline or reconstruc- 
tion of multidimensional data from multiple passes of a scene are alternative systems 
set ups to support imaging. In particular, vertically separated radar channels or anten- 
nas allow for the measurement of target height via interferometry (Chapters 2 and 9). 
Such methods could potentially be implemented in radars with elevation monopulse 
channels enabled, but if a wider baseline is required for the method to achieve the 
desired accuracy in height, then two antennas or multiple passes at varying height 
will be required. 

Although it may sound obvious that either adding channels (multichannel, multi- 
frequency or fully polarimetric) to a radar imaging system or operating simultaneously 
a number of similar radar imaging systems (multi-static systems, multiple nodes) 
would improve the system performance, it is not so obvious what the quantitative 
advantage would be and at what cost. Furthermore, adding channels or nodes provides 
extra degrees of freedom to the overall systems, which brings in the additional problem 
of how to optimise it. The state-of-the-art before SET-196 did not provide straight 
answers to these questions. SET-196 has made significant effort to fill scientific and 
technological gaps and provide some answers to such questions. In summary, the 
contribution of SET-196 may be summarised as follows: 


e Multichannel and multi-static radar imaging systems have been defined in order 
to provide a precise collocation within standard definitions in radar imaging and 
to avoid ambiguities and misuse of technical nomenclature. 

e An extensive review of the state-of-the-art has been made to report on the latest 
scientific and technological advancement in multi-static and multichannel radar 
imaging. A deep analysis has also been conducted and reported that identifies 
gaps that should be filled in order to enable effective multichannel and multi-static 
radar imaging. 

e Spatial/angular decorrelation effects have been studied and the point-like tar- 
get model has been extended with a wire model, to account for spatial-angular 
decorrelation effects. 

e A thorough analysis has been carried out at a system level to identify the key 
aspects to enable multichannel and multi-static radar imaging at operational level. 

e Multichannel and multi-static radar imaging algorithms have been developed 
theoretically, implemented and tested on simulated and real data. 

e System demonstrators have been built to prove the concept and demonstrate 
the improvement achievable with multichannel and multi-static radar imaging 
systems. 

e Simulators have been developed and simulations have been run to generate data 
for phenomenological analysis and for testing algorithms. 

e Trials have been organised and run to collect a large and extensive amount of data 
to be distributed among the SET-196 participants. 
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e Extensive data analysis has been run on the amount of data collected during the 
NATO SET-196 trials and on additional data made available by members of the 
RTG. 


11.3 Lesson learnt and open issues 


NATO SET-196 has taught us a great deal concerning the use of multidimensional 
radar imaging system, specifically when dealing with multiple channels and multiple 
nodes. Developing and optimising a multichannel/multi-static radar imaging is not 
only a fascinating challenge but also a very hard one, also considering the costs that 
are associated with radar imaging systems. Nevertheless, the joint effort of more 
than ten nations has allowed for quite a lot of questions to be answered, and not just 
theoretically. Scaled and affordable demos have been developed and built in order 
to analyse the quantitative effects. Real, although scaled, systems have highlighted 
issues and complexity that were not entirely foreseen theoretically and by making 
use of simulation, such as synchronisation effects, target decorrelation effects to 
not mention the amount of data to be processed by multichannel and multi-node 
systems. It should be mentioned that NATO SET-196 was somehow limited in its 
analysis as it did not go through the alley of analysing performances at a classification 
level. Involving the entire classification process was beyond reach given the available 
resources and the time. Nevertheless, in some cases, the results clearly indicated the 
quantitative advantage of multichannel and multi-static vs single-channel/single-node 
systems. 

As for much of the analysis presented here, post-processing of data collected by 
individual sensors is immediately applicable for intelligence gathering and reconnais- 
sance. For real-time, distributed and multidimensional imaging systems, the ability 
to communicate data around the nodes must be considered. Issues related to syn- 
chronisation and secure data transfer have not been addressed completely by NATO 
SET-250 and they will require further effort to be solved. 


11.4 The way ahead for multidimensional radar 
imaging systems 


NATO SET-196 provided some answers to questions that were posed prior to the 
beginning of the RTG. Nevertheless, some of such answers cannot be stated as com- 
plete. Moreover, some additional questions have arisen that need to be answered, 
more specifically, the role of other dimensions, such as frequency and polarisation, in 
addition to multichannel and multi-static. Is there an optimal configuration that sees 
the use of multidimensional radar within a cost-benefit paradigm? Is this scenario/ 
application dependent? Also, how important is flexibility compared to fixed configu- 
rations? Some ideas of the future of multidimensional radar imaging are given in the 
next sections. 
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11.4.1 Towards affordable multidimensional radar 
imaging systems 


NATO SET-196 has produced a significant advancement in multidimensional imaging 
techniques some of which can be considered for immediate exploitation. Techniques 
which do not map immediately to enhancements of current systems can be used to 
inform requirements for emerging and future systems. The design of a multichannel 
system is based around the requirements for established multichannel techniques, 
such as mono-pulse, adaptive beam forming (ABF) and space time adaptive process- 
ing (STAP). Multichannel imaging methods need to be considered when specifying a 
new system. If channelisation for imaging, STAP and ABF can be met by a common 
set of system requirements, then there is a reduction in the complexity (and thus the 
cost) of the system which makes the adoption of multichannel imaging into the system 
more likely. Note that for an operational system, the calibration of channels needs to be 
considered which may have to be an embedded process to allow for system variations 
in operation (e.g. operating temperature). In designing multi-node, multidimensional 
imaging techniques are likely to drive the requirements on the data which must be 
shared between nodes, both the volume of data and the maximum time allowable to 
transfer it which defines the bandwidth of the communication method applied. The 
lack of available bandwidth in communications may be the limiting factor in the imple- 
mentation of multidimensional imaging, in which case some adaptation of imaging 
algorithms to remain effective with lower bandwidth communications may have to be 
considered. Robustness to the loss of data from one or more nodes of the system must 
also be considered. If multi-node system fails to be effective with the loss of a single 
node, then the operational value of the system is greatly reduced and the argument 
for procuring such a system is made harder. This is especially true if each of the 
nodes is of a similar cost and complexity as a typical mono-static (one-dimensional) 
imaging system. Passive radar is an attractive concept for system designers. The need 
to transmit from a radar is a major contributor to the size, weight and power of the 
system. Finding a slot in an increasingly crowded spectrum where your waveform can 
fit becomes more problematic every year, especially for imaging radars which require 
a high bandwidth. Given that RF signals are now so ubiquitous, why not exploit the 
energy that is already in the environment than generate your own? Despite the obvi- 
ous advantages, passive radar is being introduced as an operational capability slowly. 
This is partly due to a lack of maturity in the signal processing techniques for passive 
radar, the work presented in Chapters 4, 6, 8 and 10 will help address this capability 
gap. There are also operational restrictions in the deployment of passive radars. If the 
signals being exploited are not under friendly control, they could be switched off or 
corrupted as a defensive measure. This would likely limit the use of non-cooperative 
passive radar over hostile territory to a secondary capability or for covert surveillance. 
Passive SAR or ISAR may, however, be the only realistic method of performing air- 
borne imaging at long wavelengths by exploiting low-frequency illumination sources 
(e.g. DVB-T as in Chapter 4) as the size weight and power requirements of active 
low frequency radars are generally prohibitive. For defence and security in friendly 
territory, the availability of signals can be assumed, though the coverage provided by 
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sources of illumination which can be exploited does introduce further restrictions on 
the deployment of passive radars. In populated areas, radio, television and commu- 
nication signals are pervasive, not so in remote sparsely populated regions over in 
the open sea away from land (“blue water’ operations). Passive ISAR, as discussed in 
Chapter 4, is more applicable to the defence of friendly harbours or coastlines than 
imaging ships in international waters. It is also the case that most commercial broad- 
casters are intended to be used by ground-based users, hence their signals are directed 
downwards. This is useful for imaging of ground and sea targets (close to shore), less 
so for high flying air targets. Helicopters and smaller unmanned aerial vehicle (UAVs) 
operate at lower altitudes making the measurement of micro-Doppler signatures dis- 
cussed in Chapter 8 operationally viable. Satellite systems provide global coverage 
and thus are potentially cooperative or non-cooperative sources of illumination. The 
various networks of global positioning satellites provide all pervasive coverage of 
the planet; unfortunately, their signals are so weak that they are difficult to exploit 
without unfeasible integration times. Earth imaging radar systems, such as Cosmo- 
SkyMed, are a far more feasible source of illumination, as demonstrated in Chapter 10. 
There are only a few of these systems available, meaning that their time is much in 
demand and coverage requires awaiting them being in the right part of their orbit at 
the right time. A potential solution to this shortcoming may be found in the use of 
in-orbit ad-hoc illuminators, therefore enabling specific and optimised illumination 
from space. 


11.4.2 Clusters and swarms 


Small satellites which can be launched more cheaply into low-Earth orbit are an emerg- 
ing technology which have applications in sensing and communications. Compared 
to a system like Cosmo-SkyMed, these ‘micro’ or ‘cube’ satellites have a much lower 
payload and much lower power available on then as well as short lifespan (months 
rather than years). Their much lower cost, however, would increase the possibility 
of a larger number of cheaper smaller satellites being launched to provide particular 
capability in a particular region for a limited period of time. One such application 
could be for a cluster of small satellites to be used to provide radar imaging capability 
for Persistent Wide Area Surveillance. Size, weight and power restrictions mean that 
conventional monostatic imaging radars cannot be installed as a payload on these 
small systems. Novel technology, such as folding antennas, may allow the aperture of 
a satellite radar to be increased, but this only partly compensates for the lack of power. 
Even in low-Earth orbit, the range to the fourth power fall-off for monostatic radars 
means that much of the available power aperture of the radar used up simply by the 
signal reaching the surface of the Earth. If these systems were used as illumination 
sources, this becomes a range squared fall off which could provide enough illumina- 
tion for passive radars operating much closer to the area to be imaged. Knowledge of 
where the satellite clusters are is needed for cooperative operation, the infrastructure 
for satellite communications is well established and would only require narrowband 
communication of position, waveform and timing information which puts less demand 
on the limited resources on the satellite than downlinking imagery from space would. 
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Examples may be found at lower altitudes (not in space) when considering swarms 
of small UAVs which operate cooperatively and combine information so that a larger 
number of smaller, less capable sensors can emulate or exceed the performance of 
a smaller number of more capable but larger, more expensive (and more vulnerable) 
sensors. Like small satellites, small UAVs suffer from significant size, weight and 
power restrictions. They must also be disposable if they can be recovered or returned 
so much the better but this cannot be relied upon. This means that any RF sensor on 
a small UAV must be very low power (so almost certainly passive), very low cost and 
compact. The requirement to be passive means relying on an illuminator of opportu- 
nity like a television signal or a cooperative illuminator like a satellite cluster. The 
requirement to be compact will restrict the antenna size meaning that small high- 
frequency antennas are best suited as a payload. Unfortunately, this is unlikely to be 
compatible with the lower frequency signals from the illumination sources previously 
mentioned. There is also the need for the sensor to instantaneously transmit its data 
to the central hub to be combined to form a radar image. A likely intermediate step 
to UAV swarms is for larger numbers or lower cost sensor systems to be deployed 
on medium-sized UAVs. Such systems are still much smaller and cheaper than cur- 
rent large, high-value surveillance assets and may be deployed in larger numbers as 
part of a network-enabled capability but offer more size, weight and power for sen- 
sors and communications with respect to small UAVs. Such platforms would not be 
disposable but could be considered as semi-expendable, the occasional loss of one 
would not reduce capability or incur a major expense in replacing. Cooperative use 
of such platforms with both passive and active radar systems would still require the 
combination of data from multiple platforms to enhance overall sensing capability. 
The multidimensional imaging techniques discussed in this book would readily find 
an outlet to make networks the performance of a network of smaller, cheaper, passive 
and active radars greater than the sum of its parts. 
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Multidimensional Radar Imaging 


Synthetic aperture radar and inverse synthetic aperture radar (SAR/ISAR) images have 
been largely used for monitoring small to large areas and more specifically for target 
recognition/identification. However, the technology has limitations due to the use of 
classical monostatic, single channel, single frequency and single polarization systems. To 
overcome these limitations, solutions have been proposed that show the benefit of using 
multiple frequencies, spatial channels, polarisations and perspective, in one word multi- 
dimensional radar imaging systems when dealing with non-cooperative targets. 


Multidimensional Radar Imaging introduces a new framework within which to address the 
problem of radar imaging and target recognition as it jointly looks at optimising the use of 
multiple channels to significantly outperform classical radar imaging systems. 


It has been used in the military within NATO for the last few years and the technology is 
now declassified. 


Topics covered include three-dimensional ISAR; STAP-ISAR; wide-band multi-look passive 
ISAR; radar tomography; multistatic PCL-SAR; fusion of multistatic ISAR images with large 
angular separation; rotor blade parameter estimation with multichannel passive radar; 
multistatic 3D ISAR imaging of maritime targets; challenges of semi-cooperative 
bi/multistatic SAR using Cosmo SkyMEd as an illuminator; and lessons learnt from the 
NATO SET-196 RTG on multi-channel/multi-static radar imaging of non-cooperative targets. 
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